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ABSTRACT 
In the first part of the study, consideration is given to the 
possible use of continuous sheet fabric reinforcement in embankments 
with non-vertical sides. 	A hypothesis for how the reinforcement 
functions is advanced, and design procedures are developed. 
In the second part of the study, the problem of cracking of 
earth and earth-rockfill dams has been studied. 	It has been 
recognized that the tensile strains and stresses which develop 
within the embankment are the main cause of cracking. 	This makes 
the knowledge of the behaviour of soil in tension necessary for 
adequate design and construction. 	Hence, a simple laboratory 
technique for tensile testing of soils has been developed. 
Furthermore, an alternative defensive measure against cracking and 
hydraulic fracturing by using fabric reinforcement is proposed and 
discussed. 
Laboratory work has been conducted, through shear box tests 
and triaxial tests, to study the feasibility of reinforcing 
cohesive soils (ie, clays) with fabric. 
Using a standard finite element program, the analysis of 
cracking and stability is presented in Chapter 9. 	This includes 
a study of the influence of the inclusion of reinforcing fabric 
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C 	 shear strength parameter (or c) 
C' 	 drained (effective stress) shear strength parameter (or c 
Ca 	 adhesion between soil and reinforcement (or c a ) 
E 	 Young's modulus 
F(y) 	 function of y 
f(x) 	 function of x, representing crest-settlement 
curve of darn 
f 	 coefficient of friction between reinforcement and 
soil 
G 	 modulus of rigidity (shear modulus) 
Nw 	 water pressure head 
i 	 the summation index counting the number of 
reinforcement beds from i = 1 at the top to 
i = n at the bottom 
Ka 	 coefficient of active earth pressure 
K0 	 coefficient of earth pressure at rest 
LL 	. 	 liquid limit 
N 	 bending moment 
N/C 	 moisture content 
N 	 - 	the number of reinforcement beds from the top of 
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the wall to the level where the first bed of 
reinforcement crosses the theoretical failure line 
ONC 	 • optimum moisture content 
P1 	 plasticity index 	 • 
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PL 	 plastic limit (or I) 
q 	 retaining wall surcharge 
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cracking force per unit width 
the traction force per unit length of wall in 
the strip number i 
thickness of reinforcing element 
unit weight 
dry unit weight 
unit weight of water 
shearing strain on x-y plane 
angle of friction between fill and reinforcement 
vertical spacing of the reinforcement 
extreme fibre strains in compression and tension 
respectively 
horizontal strain. 
normal strains in x and y  directions 
angle between any failure plane in the backfill 
and the horizontal 
total principal stresses 
horizontal stress 
normal stress across the failure plane 
vertical stress 
normal stresses on planes perpendicular to x 
and y axis  
shear stress on x-y plane . 
shear strength parameter 
drained (effective stress) shear strength parameter 
CHAPTER 1 	INTRODUCTION 
Embankments are constructed for many different purposes 
including dams, highways, levees and stockpiles. 	In each 
instance the designer must check to see that the embankment, 
has adequate factor of safety against shear failure, base 
failure, sliding failure and intolerable deformations which 
lead to cracking. 
It is clear that existing methods are directed towards 
providing an adequate factor of safety against shear failure, 
base failure and sliding failure. 	However, such methods which 
normally involve flattening of the slopes are expensive, time 
consuming and not applicable in certain sites conditions. 
The possible development of cracks in earth embankments 
has been recognised to be a serious problem; particularly in 
earth and earth-rockfill dams. 	A number of case histories 
have been reported in which cracking has caused serious danger 
to some darns and complete collapse to others (Sherard 	1972). 
The limitations of the current defensive and remedial measures 
against cracking create a need for reliable alternatives. 
In recent years considerable use has been made of the 
reinforced earth technique developed by Vidal and others 
(Vidal and-Schlosser 	1969). 	Most of the applications have 
/ 
	
	been highway embankments in which metallic strips have been 
used as reinforcement and the fill material employed consists 
of free-draining granular material with only a small portion 
of fine grained soil permitted. 
Most recently, there is much interest in using fabrics, 
made from synthetic fibres, as soil reinforcement (McGowan 
and Ozelton : 1973, Holtz : 1975, Broms : 1977). 	The relevant 
properties needed for soil reinforcement such as strength, 
deformation and the shearing resistance between soil and 
fabric and between fabric and fabric are likely to be adequate 
in some fabrics. 	In addition, fabrics are durable, light 
and easy to handle and have essentially larger areas than 
narrow metal strips, ie, better shearing resistance between 
soil and fabric. 	These characteristics have made fabrics a 
potentially attractive alternative to materials subject to 
corrosion and indicate the possibility of reinforcing cohesive 
soils with fabrics. 
The benefit of reinforcing cohesive soils is quite evident, 
since in some areas it may be more economical to construct the 
embankment with cohesive soil or with cohesive clay core forming 
the impermeable barrier together with frictional soil or rockfill 
shoulders. 
Against this background, this thesis has been prepared 
with two main objectives 
1. 	To investigate the possibility of increasing the stability 
of earth embankments by reinforcing them with sheets of fabric; 
3 
thus allowing steeper side slopes and a reduction in volume 
of fill. 
2. 	To investigate the factors that cause cracking in earth 
and earth-rockfill dams and to study the possibility of using 
sheets of fabric reinforcement as a defensive measure to 
control these cracks. 
To achieve these objectives the work has been mainly 
directed towards examining the feasibility of reinforcing 
cohesive soils with fabrics. 
Although most of the examples cited in this work refer to 
dams, yet some of the work is relevantto other types of 
embankment, eg, road embankments. 
-7 
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CHAPTER 2 	THE REINFORCED EARTH TECHNIQUE 
2.1 	INTRODUCTION 
Reinforced earth may be defined as a construction 
material composed primarily of soil whose performance has been 
improved by the introduction of small quantities of other 
material in the form of bars, strips, sheets or fibres to 
resist the tensile forces that soil alone is unable to resist. 
The concept of reinforced earth is very old. 	For many 
thousands of years, bricks made from clay soils have been 
reinforced by the addition of straw or other fibrous materials. 
Primitive people have long reinforcedtheir dwellings with 
sticks and branches, much as is done by some birds and animals. 
Embankments have often been constructed directly on the brush 
and small trees which usually grow on marshy lands (Lee et al 
1973). 
In the 1960's a French engineer, Henri Vidal, developed a 
disciplined approach for the use of reinforced earth for 
application to important engineering structures. 	Since that 
time the construction of reinforced earth retaining walls, 
bridge abutments, platform supporting structures, underwater 
quay walls, tunnel linings and earth dams have been reported. 
I 
2.2 BASIC THEORY 
Schlosser and Vidal (1969) assumed a soil element within 
a dry cohesionless semi-infinite mass, as shown in 
Figure 2.1(a), acted upon by vertical stress a  and horizontal 
stress ah. 	If the vertical stress is increased without 
changing the lateral strain 	then the horizontal stress may 
be increased proportionally to the vertical stress, ie, 
ah = 	 (2.1) 
where K
o  is the coefficient of earth pressure at rest. 
Theoretical study by Jaky and subsequent experimental tests 
have shown that for sands K o can be expressed as 
Ko = 1 - sin cj' 	 (2.2) 
where $ is the effective angle of friction. 
If the vertical stress is increased such that the soil 
element starts to compress in the vertical direction and expand in 
the horizontal direction, then the shear stress will increase 
and °h  may change slightly as shown in Figure 2.1(b). 	However, 
there is a limit beyond which any increase in the vertical 










where Ka  is the coefficient of active earth pressure. 
For cohesjonless soil K 8 may be expressed as 
K 	1 - sin ' - tan2(45 - 	 (2.4) a 
1+ sin ' 	 2 
This implies that in order to prevent failure, the 
lateral strain c which induces •shear stress must be prevented 
or reduced to minimum value. 	This can be achieved by increasing 
the lateral stress ah  such that the coefficient of earth pressure 
K may satisfy the following 
Ka < K < K0 	 (2.5) 
This lateral deformation cn be restrained internally by 
reinforcing the soil with frictional and high tension material. 
The needed confining pressure to offset lateral deformation is 
provided by the frictional forces between the reinforcing 
material and the soil (Figure 2.1(c)). 	Thus in the direction 
of the reinforcements, the earth mass has gained a certain 




2.3 	MAJOR ELEMENTS OF REINFORCED EARTH 
The most common reinforced earth structure is the 
retaining wall. 	As shown schematically in Figure 2.2, it 
consists of the following three major components 
1. 	Backfill Material 
The criteria on the grading for the backfill material 
have been issued by the Reinforced Earth Company as follows 
(I) 	Granular material having an internal angle of friction 
of at least 25 degrees. 
Not more than 15 percent of particles passing US 
standard sieve No. 200. 
No particles over 1211  diameter. 
However, they indicated that this criteria is not conclusive 
and research is still being conducted in this area. 	In fact, 
Schlosser and Vidal (1969) have pointed out that research should 
be undertaken to include cohesive soils. 
2. 	Reinforcing Elements 
These generally consist of thin relatively wide and very 
• long strips which possess a rough frictional surface and high 
tensile strength. 	Reinforcing bars and wide reinforcing 
/ 
sheets that cover the whole backfill have also been used. 
3. 	Skin 
The skin is used to protect the surface of the wall and 
prevent disintegration of the backfill material. 	It does 
not contribute to the structural stability of the retaining 
wall. 	It can be constructed of metal plates, precast or 
reinforced concrete slabs. 	The reinforcing elements are 
bolted or hooked to the skin elements by means of brackets. 
2.4 	DESIGN OF REINFORCED EARTH STRUCTURES 
In the design of a reinforced earth structure the problem 
of both external stability and internal stability must be 
considered. 
2.4.1 External Stability 
H 	 This corresponds to the normal conditions encountered 
in assessing the stability of a conventional gravity type 
retaining wall, ie, sliding failure, bearing pressure failure 
or excessive settlements. 
2.4.2 Internal Stability 
In considering the internal stability of the reinforced 
earth mass itself, two modes of failure are postulated 
Eli 
/ 
1. 	Failure of the structure by fracture of the reinforcement; 
2. 	Failure of the structure by the lack of adherence of 
the reinforcement in the soil. 
2.4.2.1 Failure of the Structure by Fracture of the 
Reinforcement 
Schlosser and Vidal (1969) used both Coulomb method and 
Rankine method to evaluate the tensile force in a horizontal 
strip. 
Rankine Method 
This method is based on the Rankine theory of earth 
pressure in a soil. 	It assumes that the vertical is the 
principal direction and that the soil between the reinforcement 
beds is in a failure state. 	Considering the i th  slicebf 
earth located between the strip-bed number i-i and i. 	The 
traction force per unit length of wall in the strip-bed numbet 4 i 
(Figure 2.3) is equal to 
T
i  = KqIl + KaY(AH) 2 
ie, 	= (i - flKay(AH) 2 	 (2.6) 
Coulomb Method 
The Coulomb method consists of studying the equilibrium 
/ 
of an earth wedge limited by potential failure planes through 
the toe of the wall (Figure 2.4). 	The soil between the beds 
l• 0 
of the reinforcement is assumed to be in a failure state. 
The forces per unit length of wall acting on the reinforced 
earth wedge ABC are : 
Its own weight W 	W = h'I-I2 cot 0, where y is the unit 
weight of the reinforced earth. 
The reaction R of earth acting on the plane AC at 
failure. 	This force is inclined at angle 4)  with the normal. 
The tension force T, the resultant of all the tension 
forces in the reinforcement along the plane AC. 
Hence the force diagram yields the value of T 
I = hH2cot 0 . tan(0 - 4)) 
I is maximum when e = 7f + 
4 	2 
Hence, T.= j tan2( 
1T._ 	
)yH2 =KaYH2 
Assuming a triangular distribution of stress, the tension 
force in the i th  strip is given by 
Ti  = I 	KaY(AH) 2  
where n = number of reinforcement beds. 
Leeetal (1973) have also used Rankine and Coulomb 
analysis to derive the tensile force acting in the strips and 
obtained similar expressions. 	They have also determined the 
value of the tension force in the reinforcement beds by 
equating the moments of the earth pressure and the moments of 
the reinforcement forces about the toe of the wall using 
Coulomb method. 	The corresponding equation for the force in 
- 	the reinforcement bed is as follows 
= fl2-1 K
a (AH) 2 	 (2.8) 
If the longitudinal spacing of the reinforcing strips 
is S units the tensile force in each strip is TS and to 
ensure internal stability the strength of the strip must be 
greater than this value. 
For large values of i and ri equation (2.8) will be similar 
to equations (2.6) and (2.7). 	Thus as a first app'oximation 
the tensile force per unit length of wall in the reinforcement 
bed at depth (d) below the surface of the wall can be taken as 
T = KaIdAH 
	
(2.9) 
since d = i A  
2.4.2.2 Failure of the Structure by Lack of Adherence of the 
Reinforcement in the Soil 
Schlosser and Vidal (1969) report that it is difficult 
/ 	to evaluate the exact factor of safety against failure by lack 
of adherence. 	In practice, to prevent this type of failure, 
12 
the width of the wall is generally taken 	0.8 H, where H 
is the height of the wall. 
Lee et al (1973) assumed that only the length of the tie 
extending beyond the theoretical shear failure plane is active 
in preventing adherence failure (Figure 2.5(a)). 	In this 
case the top layer of the reinforcement is the most critical 
and has a factor of safety, assuming Rankine theory, 
2bf[L - H tan(45- 
F r 	 (2.10) 
Ka SLXH 
where - 
L : length of the reinforcing elements 
b 	width of .the reinforcing elements 
f 	coefficient of friction between the reinforcement 
and the soil 
angle of shearing resistance of the soil 
S 	horizontal spacing of the strips 
In their analysis of stability by the Coulomb method, they 
considered the overall stability rather than the local one. 
Hence only the friction forces developed beyond the shear 
failure wedge are included in the analysis (Figure 2.5(b)). 
Thus if some of the upper layers of reinforcement in a 
rectangular reinforced earth wall do not extend as far as the 
failure wedge they are neglected in considering the overall 
13 
0 
stabilit5'. 	These upper layers of reinforcement are 
nevertheless essential in ensuring the stability against 
local failure by lack of adherence. 	The Coulomb methods lead 
to the following equations for factor of safety 
Of 
Coulomb force, F = 	 E (i1AH) [L - (n-l)&tan(45 - 	)] 
KaYH 2S 	i=N 
(2.11) 
l2bfAI-i 	n 
Coulomb moments, F E (n-i)(iyAH)[L-(n-i)AHtan(45 - 	)] - 	- 	- 	
- KaYHS i=N 	 -- 
(2.12) 
where-.  
the summation index counting the number of reinforcement 
beds beginning from i = 1 at the top to i = nat the 
bottom. 
N 	the number of reinforcement beds from the top of the 
wall to the level where the first bed of reinforcement 
crosses the theoretical failure line. 
Lee et al (1973) have also assumed the whole length to be 
active in preventing failure by lack of adherence and developed 
according to Rankine the following expression 
2Lbf 
F. = 	 (2.13) 
KatHS 
14 
However, test results, as shown in Figure 2.6 indicate 
that a value in between the two assumptions is the most 
appropriate (Lee 	1976), ie, the soil within the sliding 
- 	wedge makes some contribution to the pull out resistance. 
2.4.3 Other Modes of Failure 
Schlosser and Vidal (1969) have indicated the need to 
check the stability against shear failure on a horizontal 
plane through the wall. 	The reinforced earth mass is assumed 
to behave like a pile of blocks retaining a backfill (Figure 2.7). 
Considering the first i blocks resting on the 	+ l)th with a 
friction value of tan f. Hence 
Horizontal force due to retained backfill = j Kyd 2 
Horizontal force mobilized by friction of soil = 
W tan $= ydL tan p. 
Therefore, the factor of safety against sliding is 
2 tan $L 
F = 	 (2.14) 
Kad 
Banerjee (1975) indicated that when the wall is heavily 
reinforced it can only fail by sliding along a horizontal plane 
at any depth (d) and the factor of safety is 
I 
'V 
(yd + P)L tan+ CL 
0 
0.5 Ka(1d2 + 2P 0 d) 
where 	P0 is a uniformly distributed surcharge on 
the structure, C the apparent cohesion of the 
soil and L length of the reinforcement. 
2.5 MODEL TESTS 
The use of two-dimensional models to study the different 
modes of failure of a reinforced retaining wall is described 
by Schlosser and Vidal (Symons 	1973, Price : 1976). 	The 
tests consisted of building up reinforced earth walls, of 
particular length and spacing (AH), until failure. 	The results 
of the tests show the following relationships 
F1 (critical height) 	RT (reinforcement strength) 
I 
(y 	unit weight of the 
- 	 reinforced mass) 
The results from the tension mode of failure gave values of 
NC of within 15% of theoretical prediction according to 
equation (2.9), (Figure 2.8). 	This discrepancy between the 
experimental and theoretical results is attributed to differences 
between the theoretical and actual failure wedges. 	The 
16 
derivation of the equations for tensile force in the reinforcethent 
was based on the assumption of a failure plane inclined at 
(45 + 	) degrees to the horizontal and this wedge of pressure 
is greater than the pressure wedge defined by measuring the 
position of the points of maximum tension in the reinforcement 
strips. 
Model tests have also been carried out by Lee et al (1973) 
for the same objectives. 	Dry sand was used as fill and strips 
of aluminium foil as reinforcement. 	The results of the tests 
were compared with the theoretical expressions derived for 
checking the internal stability of a reinforced earth wall. 
They indicate the following 
Good agreement between the results of the model tests and 
equation (2.9) for walls with dense sand backfill (Figure 2.9). 
In fact, the theoretical expression based on the Rankine, 
Coulomb force and Coulomb moment methods lead to essentially 
the same result for failure by fracture of the reinforcing 
elements. 
However, the theoretical expression underestimates the 
critical height at failure when compared with the results of 
model tests using loose sand backfill. 
The three theoretical expressions for failure of the wall 
by pulling out of the reinforcement (equations (2.10), (2.11) 
and (2.12)) lead to appreciably different relations between the 
critical height and the length of the reinforcement (Figure 2.10). 
17 
Coulomb methods are in bettth- agreement with the data than 
those of Rankine method. 
2.6 	MECHANISM OF REINFORCED EARTH STRUCTURES 
Tests conducted by the staff at LCPC (Schlosser and 
Long 	1974) on completed structures explain the way in which a 
reinforced earth structure functions by specifying the distribution 
of tension forces along the length of the reinforcing strips. 
Figure 2.11 shows schematically the distribution. 	It can be 
seen that 
The maximum tensile stress in the strips does not occur 
at the face of the wall. 	The skin thus plays a much less 
important role mechanically than the reinforcement, as the action 
of the skin is local. 
The points of maximum tension in the different layers of 
reinforcement lie on a parabolic curve which separates the mass 
into two zones 
(1) 	A first zone which is close to the facing of the wall 
and in which the tangential stresses are directed outwards, 
towards the facing, the soil having the tendency to pull 
out the strips. 	This is the active zone. 
(ii)--'A second zone in whFch tangential stress is directed 
/ 
inwards, towards the interior, the soil having the tendency 
to restrain the strips. 	This is the restraining zone. 
The tangential component, T, of the stress exerted by 




where : b = width of the reinforcement 
I = tensile stress in the reinforcement 
1 = abscissa of the point considered along the 
reinforcement. 
The coefficient, f* = T/cI , of friction mobilized along 
the reinforcement in the active zone is close to the value of 
the coefficient of friction, f, between earth and reinforcement. 
In the passive zone, its value varies along the reinforcement 
and depends mainly on the length of the reinforcement in this 
zone. 
A characteristic feature of reinforëed earth structure 
is that the line dividing these two zones is essentially 
dependent on various factors, namely 
the geometry of the earth structure. 
the stresses imposed on the structure by external 
influences. 
the deformation within the foundation soil. 
the friction between the earth and the reinforcement. 
19 
2.7 REVIEW OF RESEARCH INTO FABRIC AS REINFORCEMENT IN SOIL 
The concept of using fabrics, made from synthetic fibres, 
as soil reinforcement has been suggested by Vidal (1966), 
McGowan and Ozelton (1973), Leflaive and Puig (1974), Holtz 
(1975) and others. 	Successful applications have been 
reported by those researchers and by others (Ruddock 	1976). 
2.7.1 Interaction Between Soil and Fabric 
To study the interaction between soil and fabric and 
the zone of influence of the reinforcement, pull out tests have 
been conducted in the laboratory by Holtz (1973). 	He found 
that highly non-uniform deformations occurred in the fabric 
during pull out. 	The maximum friction angle between the 
fabric and the sand was found to be. of the order of the angle 
of internal friction of the sand as determined by triaxial 
tests and that full frictional resistance was developed at 
small deformations. 	The zone of influence of the fabric was 
about 10 cm on either side of the fabric. 
Lindskog and Eriks•son(1974) have investigated in• the field 
the load transfer between soil and fabric. 	A 0.3 m thick 
sand layer was placed on a 1.0 m wide and 8.0 m long strip of 
a woven polyester fabric. 	Sand bags were placed on the sand 
after it has been compacted by abulldozer. 	The weight of the 
/ 
sand and the sand bags correspond to a 0.8 in high embankment 
with a unit weight of 1.8 tIm 3 . 	The fabric was prestretched 
20 
1% before the test. 	The fabric was loaded in tension by 
pulling the free end of the strip. 	The resulting axial 
deformation of the fabric was measured using magnets. glued to 
the surface of the fabric. 	The friction angle was found to be 
29.5 to 31 degrees. 	At the maximum applied load the stretch 
of the fabric was about 250 m or 3.1 percent of the total 
length of the strip. 	The average force in the fabric was 
25.5 kN/rn. 	The ultimate tensile strength of the fabric is 
about 100 kN/m. 
Working towards the same objective, shear box tests were 
conducted by McGown (1974). 	His results, as shown in Table 2.1, 
indicate that the fabrics tested have mobilized the full angle 
of internal friction of sand. 
Schwab et al (1917) reported that the friction angle 
between polyester woven fabric and dense sand was about 10% 
lower than that of dense sand as determined by shear box. 
The influence of non-woven fabric reinforcements on the 
stress-strain behaviour of a soil mass has been studied 
extensively by McGown (1976) and McGown and Andrawes(1977) 
They have used three quantities of the non-woven fabric 
'Terram' with unit weights of 70, 140 and 280 gm/m2 . 	A series 
of plane strain footing tests and plane strain unit cell tests 
were conducted. 	The strain field development in the reinforced 




Table 2.1 	Soil-Fabric Friction 
Loose Fine Sand 
= 27.5°) 
Dense Fine Sand 
= 370) 
in degrees 	p in degrees 	p 
Terram 31.5 	1.145 35.0 	0.945 
Hessian 33.0 	1.200 36.5 	0.98 
Bidim 35.0 	1.275 38.0 	1.02 
Fjbretex 29.0 	1.050 36.5 	0.98 
Note : Soil-fabric friction 	H  (ó) = constant (p) x angle 
• 	 of internal friction of 
soil (4) 	 • 
(After McGown 	1974) 
/ 
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Their results indicate the following 
When the non-woven fabrics are placed along the major 
principal plane, they generally increase the strength of the 
system; but when the sand is placed at its minimum porosity 
a slight weakening occurs (Figure 2.12). 	The author believes 
this is somewhat academic, as field applications are always on 
compacted soils which are relatively dense. 
Significant increase in peak axial strain are exhibited 
by the reinforced sand (Figure 2.13). 
Relative improvement of the footing bearing pressure with 
the fabric included (Figure 2.14(a)). 	This improvement is 
influenced by the depth at which the fabric membrane is placed 
and greater improvement is accompanied by larger settlements 
(Figure 2.14(b)). 
Based on these findings and other field experience they 
conclude .the following 
1. 	Although the vast majority of non-woven fabrics have 
moduli much less than the soil and they can strain far beyond 
the peak strain of the soil, yet when such fabrics are included 
in soil systems they induce greater load carrying capacity than 
the system without them. 
I 
/ 	2. 	The placing of materials in soil should be referred to 
as inclusion rather than reinforcement since their influence 
may not always be of strengthening. 
/ 
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2.7.2 Earth Walls Reinforced with Fabric 
Bell et al (1975) have conducted laboratory tests on 
fabric reinforced earth walls. 	Their results; as indicated 
in Figure 2.15, show that the model walls support higher loads 
than predicted by Rankine theory. 	Based on these results, a 
full-size fabric reinforced earth wall of height 10 ft and 
length 35 ft has been successfully constructed with silty sand 
and angular fragments (Figure 2.16). 	The fabric used was a 
synthetic, non-woven, needle punched, spun bonded polypropylene. 
It has an average ultimate strength of 70 lb/in and a 
corresponding strain of 200%. 
More recently, Al-Hussaini and Perry (1976) and 
Al-Hussaini (1977) have 'reported the results of a field 
experiment on a fabric reinforced retaining wall. 	The fabric 
used has an ultimate tensile strength of 14500 psi and an axial , 
strain of 25.3 percent. 	The fabric was included in the backfill 
in form of strips 4 in wide and 10 ft long. 	The backfill 
material used was clean concrete sand. 	The angle of skin 
friction between the fabric and the sand was 300 
The wall was 16 ft long, 10 ft deep and intended to be 
12 ft high, but it failed when the height reached 10 ft. 
Al-Hussaini and Perry were unable to explain why the wall 
failed. 	H5Wever, based on the data collected from the 
instrumentation of the wall, the following conclusions are 
deduced 
24 
The lateral earth pressure measured by pressure cells 
was found to be slightly lower than that predicted by the active 
Rankine earth-pressure theory (Figure 2.17). 
There were no visible striations or defects in the ties 
which would have been present if pullout failure had occurred 
Puig et al (1977) have also constructed a 4 m high and 
20 m long retaining wall from weathered chalk, silt and fine 
stone (' = 12) placed at 3 - 7% above optimum moisture content 
and reinforced with fabric sheets. 	The behaviour of the wall 
was reported to be satisfactory and with good adaption to the 
large deformation, since the foundation soil is mainly composed 
of peat. 
2.7.3 Stabilization of Embankments on Soft Foundations with 
Fabric Reinforcement 
Woven and non-woven fabrics applied to embankments 
constructed on soft foundations appear to be especially 
promising alternatives, and some successful field applications 
have been reported by several workers 
Holtz (1975) and Holtz and flassarsch(1976) have reported 
three case histories in Sweden where a woven polyester fabric 
has been used successfully. 	Figure 2.18 shows one of these 
I 
	
cases where the fabric was used to take horizontal forces and 
increase the stability of an embankment behind a bridge abutment 
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which was supported on point bearing timber piles. 	The 
shear strength of the underlying very soft clay was low. The 
embankment was reinforced by three layers of fabric to resist 
the lateral earth pressure in the embankment and increase the 
stability of the slope. The layers were spaced 30 cm apart - 
Inclinometer tubes were installed in the embankment and in the 
underlying soft clay to measure the lateral displacement of the 
embankments. The lateral displacement of the embankment was 
relatively small. 
Belloni and Sembenelli (1977), Volman et al (1977), 
Maagdenberg (1977) and Bell et al (1977) each built test 
embankments on fabric spread over foundation peat or clays of 
low bearing capacity. 	In every case the fabric either 
prevented failure or considerably reduced embankment deformation. 
• 
	
	It was thought that the fabric provided a horizontal constraint 
to the foundation stratum, or that it prevented local shear - 
• 	• failure by bridging over weak areas. 
2.8 	CONCLUDING REMARKS 
1. 	The advantages reported for reinforced earth are 
It is economical compared to alternate types of 
construction such as a reinforced concrete retaining wall. 
It requires no additional earthwork equipment. 
It can be constructed much faster than conventional 
types of construction. 
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(iv) Reinforced earth structures are flexible and can 
tolerate large differential settlements. 
The comparison of the results from model tests constructed 
to failure has generally confirmed the validity of the theoretical 
expressions derived for calculating the maximum tension in the 
reinforcing elements. 	The methods for assessing the stability 
against failure by lack of adherence are less consistent and 
further research is needed in this area. 
The results of the model tests for walls reinforced with 
fabric suggest that Rankine theory provides a conservative 
estimate for the lateral earth pressure. 
The successful applications of fabric as a reinforcement 
in soil, suggest that it can be a potentially attractive 
alternative to materials subject to corrosion. 
• 	5. 	Research to date has been confined to granular backfill 
material. 	There is a need for research on reinforced earth 
• 
	
	structures using more cohesive types of fill; especially with 












Figure 2.1 	Schematic of Soil Element under Different 
Conditions 
(a) At-Rest Condition; (b) Failure Condition; 
(c) Reinforced Earth 
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Figure 2.5 	Determination of the Adherence Length 
(a) Rankine Method; (b) Coulomb Method 
Ties. Al. Foil 
W = 0.155 in 
F1 = 1.1 lb 
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CHAPTER 3 	STABILITY OF EMBANKMENTS REINFORCED WITH FABRIC 
3.1 	INTRODUCTION 
In most of the applications of the reinforced structures 
conventional retaining walls have been replaced by reinforced 
earth walls comprising metallic strip reinforcement and metal 
or concrete facing units. 	In this chapter consideration is 
given to the possible use of continuous sheet fabric 
reinforcement in embankments with non-vertical sides. 
3.2 	BACKGROUND 
3.2.1 Reinforced Earth and Rockfill Dams 
Casagrande in his lectures at Harvard University 
proposed in the middle 1930's a system of reinforcing 
embankment darns on soft foundations with steel rods and plates 
(Holtz 	1976). 	Some model tests were even conducted in the 
laboratory. 	However, the idea which followed from the under- 
standing of how lateral earth pressures, that develop within 
embankment, are transferred to the foundation was rejected as 
being uneconomic. 
Later, the technique of protecting the downstream face of 
rockfill dams during construction by means of reinforcing steel 
has alread9proved successful as reported by Parkin et al (1966) 
/ 
and Pell (1969). 	Various methods of designing have been put 
E. 
forward; the most recent being that of Parkin et al (1966). 
Recently, the Vidal technique, has been employed in 
France to build reinforced earth dams with 	vertical down- 
stream faces. To date three of these dams have been 
constructed, 	Figures 3.1 and 3.2 show Vallon des Bimes Dam 
and LEstelle Dam respectively (Work Group of the French 
Committee on Large Dams 	1976). 	These two dams have been 
reinforced with steel strips. The third reinforced earth 
dam (Figure 3.3) has been made up with polyester woven bags 
filled with loam (Kern 1977). 
3.2.2 Reinforced Highway Embankments 
An investigation by California Highway* Department of a• 
method of tyre disposal within embankments revealed the fact 
that the tyre sidewalls, having a nearly flat configuration 
and extremely high tensile strength, are an obvious possibility 
for soil reinforcement (Forsyth and Joseph: 1976). 	It was 
reasoned that a systematic incorporation of these tyre side 
walls in strips or mats (Figure 3.4) could serve to increase 
the internal stability of an embankment, based upon the 
reinforced earth principle, and that the embankment stabilized 
in this manner could be constructed at much steeper side slopes 
than would otherwise be possible; while providing a means of 
disposal of this troublesome waste product. 
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To study this possibility further, a finite element 
analysis was conducted to determine the theoretical effects 
of tyre reinforcement on earthquake resistance of an embank-
ment. 	Calculations were carried out on a 7 m high model 
embankment with side slopes l:l, soil unit weight 21 kN/m 3 
at 90% relative compaction and earthquake intensity of 7 on 
the Richter scale. 	This analysis assumed the tyres to be 
placed in mats at vertical intervals of 1.22 metres. 	The 
results showed that tyre side walls reduced the dynamic shear 
stress and strain by 20% to 62%. 
Accordingly, a test embankment will be constructed to 
evaluate this premise. 	It will be constructed at a :l 
side slope reinforced with tyre side wall mats at 0.6 metre 
intervals. 	The conventional side slope in the case of the un- 
reinfdrced embankment is 1:1. 	The reduction in earth fill 
and time of construction is quite evident. 
3.3 DESIGN CONSIDERATIONS 
In the design of a reinforced earth embankment adequate 
factor of safety must be provided against the following possible 
modes of failure 
Sliding on the base, ie, treating the entire reinforced 
massaa rigid body. 
Failure of the reinforcement in tension. 
I 
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Shear failure through the reinforced embankment. 
Failure of the reinforcement through inadequate bond 
length. 
3.3.1 Sliding on the Base 
Assuming that the embankment is composed of free-
draining granular material, an impermeable membrane must be 
provided in the case of water retaining embankments. 	For 
the simple triangular profile shown in Figure 3.5 it can be 
shown that the factor of safety against sliding on the base 
is given by 
F1 = 
	
(1 +Zx) 	(3.1) 
tans YW 
where p = coefficient of friction between fill and underlying 
soil or rock (p > tan c where q = angle of internal 
friction of the fill material) 
y = unit weight of fill 
= unit weight of water 
If p is approximately equal to tan 	and 	= , F 1 $ 5. 
Alternatively, F 1 = 2 when a t 60. 	Practical designs, 
incorporating freeboard above top water level and a horizontal 
profile at the top, will have a higher value of F 1 . 	Hence 
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this type of failure is unlikely to govern the design unless 
the underlying foundation material has very low shear strength. 
3.3.2 Failure of the Reinforcement in Tension 
In choosing a suitable spacing for the reinforcement 
it may be assumed tentatively that this should be capable of 
withstanding the horizontal component of active earth pressure 
in an infinite slope. 	A similar assumption has been used in 
the design of reinforced earth retaining walls with horizontal 
backfill (Lee et al : 1973). 	Higher pressures, have been 
deduced from full-scale measurements of the tensile force in 
the reinforcement of such walls (Chang: 1974). 	However, in 
the present context, this may be countered by the overestimate 
involved in the assumption of an infinite slope; and by the 
fact that the model studies conducted by Bell et al (1975) 
and Al-Hussaini and Perry (1976) indicate that the lateral 
earth pressure of the fabric reinforced earth walls is less 
than that predicted by Rankine earth pressure theory (Figures 
2.15 and 2.17). 	Although the model wall reported by 
Al-Hussaini and Perry failed,the membrane strips after failure 
showed no sign of tension failure. 
In the case of cohesionless fill, the coefficient of 
active ear-th pressure, 	is given by Rankine's theory as 
/ 
cos 	- '(cos 2s - cos2q ) 
a 	
cos 	+/(cos 2 $ - Cos 2c) 
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At depth z below the surface of the slope the horizontal 
component of active pressure is 
- 	 K8 yz cos 2 
The reinforcement is assumed to form continuous 
horizontal sheets at intervals of Al-i vertically. 	Each sheet 
has a tensile strength T 1 per unit width. 	The factor of 




K8 yz cos 2 $AH 
 
3.3.3 Shear Failure of Reinforced Embankment 
The possibility of shear failure along a continuous 
surface through the embankment may be analysed by the usual 
slip circle method of slices, modified to take account of the 
tension provided by the reinforcement. 	- 
The shear strength ( -r) of the fill material may be defined 
generally in terms of the Mohr-Coulomb failure criterion, ie, 
T = c 	tan $ 
where --c = cohesion per unit area 
an 
-- 	/ 
= normal stress across the failure plane - 
alternatively, in terms of effective stresses 
= C' + ( a - u)tan " 
where u = porq.water pressure. 
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The 	reinforced mass above an assumed circular slip 
surface of radius R may be divided into a number of vertical 
slices. 	At the level of the base of a slice, the. 
:reinforcement is capable of providing a horizontal force s 
T(= T 1 /AH) per unit height. 	Neglecting forces on its vertical 
sides, an approximation which leads to an underestimate of the 
factor of safety in unreinforced slopes (Bishop 	1955), and 
applying the same factor of safety to the tensile strength 
of the reinforcement as to the shear strength of the soil 
the forces on each slice are as follows (Figure 3.6) 
W = total weight of slice 
N = total normal force across base, 
'ri/F = shear force on base of length 1 
Id/F = force from reinforcement across the base 
where F = factor of safety against failure in this mode. 
Taking moments about the centre of the circle, and summing 
over all slices, 
T1R 	 R 
EWR sin a = E( 	+ Td cosctr ) 
where ot = slope of base of slice 
Also tl = cl + (W cos a+ Td sin a)tan 
Hence, 	 . 
E{cl + (W cos a + Td sin a)tan $ + Td cos a} 
(3.3) 
EW sin a 
I 
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The corresponding expression in terms of effective stresses 
E{c'l + (W cos a - ul + Td sin a)tan 4)' + Td cos a} 
EW sin a 
(3.4) 
In these equations a , and hence sin a, may be negative 
for some slices. 
3.3.3.1 Computer Aided Design 
The use of a computer program enables a large number of 
slip circles to be analysed. 	On the Edinburgh University 
EMAS system Dr Christie has developed a program (SLIPC) for 
slope stability analysis using the 'method of slices' procedure, 
based on effective stresses for a family of specified possible 
slip circles. 	A modification of this program takes account of 
the additional forces produced by the reinforcement, ie, 
Computation of equation (3.4). 
The operating instructions for the modified program 
(ENCII1.REMB) are given in Appendix 1. 
3.3.4 Bond Failure of Reinforcement 
Failure of the reinforcement through inadequate bond 
length will not arise if the sheets extend across the full 




be checked at various points around the critical slip circle. 
Using the active earth pressure assumption, the force to 
be resisted by a reinforcing sheet at depth Z below the surface 
of a cohesionless slope is 
KaY Z cos 2$AH 
If the sheet extends inwards a distance L from the point 
considered, the pull out resistance is likely to be somewhat. 
greater than 2L -yZ tan 6 
where 6 = angle of friction between fill and reinforcement 
Hence, the factor of safety against lack of adherence is 
2L tan 6 
F4 = Kacos2eAH 	
(3.5) 
3.4 	ILLUSTRATIVE EXAMPLE 
As an example of the application of the above criteria 
the embankment shown in Figure 3.7 will be considered. The 
soil is assumed to have the following properties 




The tensile strength of the reinforcing sheets is 50 kM/rn 
width. 
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Factor of Safety against Sliding on the Base 
Assuming an angle of friction between fill and foundation 
material of 300,  the factor of safety against sliding on the 
base according to equation (3.1) = 6.0. 
Spacing of the Reinforcement 
The provision of adequatereinforcement and the calculation 
of the factor of safety against failure on a circular slip 
surface requires to be checked for numerous possible circles 
only one of which, shown in Figure 3.7, will be considered here. 
The area above the assumed slip circle is divided into a 
number of vertical slices and the component of active earth 
pressure is calculated at the midpoint of the base of each slice. 
From equation (3.2) the vertical spacing of the reinforcement 
can then be calculated at various elevations to satisfy a 
specified value of F 2 . 	A value of F2 * 1 has been used for 
the calculations shown in Table 3.1 
Factor of Safety against Shear Failure 
The factor of safety against sliding on the slip circle 
shown, calculated from equation (3.3) is 2.10 (summary of 
computation in Table 3.2). 	This may be compared with a value 
of 1.24 neglecting the reinforcement, or with the critical value 
/ 	for this slope if unreinforced of 1.05(tan (P/tan 8). 
I 
Slice No 	Height of Slice (m) 	Horizontal Pressure (kN/m2 ) 	Reinforcement txH(m) 	No 
1/ 	 6.4 60.8 0.80 16 
2 	 10.4 98.8 0.50 13 
3 	 11.6. 110.2 0.45 9 
4 	 11.6 110.2 	- 0.45 6 
(A) 
5 	 9.1 86.5 . 	 0.55 3 
6 	 4.0 38.0 1.30 1 
Table 3.1 	Calculation of Reinforcement Required to Satisfy Equation (3.2) 
d(m) a sin  cosa T Td sin a Td cos cz W W Cos ct W sin ct 
degrees kN/m kM kM kM kM kM 
1 10.55 ', 	61 0.875 0.485 62.5 576.95 319.80 509.85 247.28 446.12 
2 6.64 48 0.740 0.680 100 491.00 452.00 1242.61 844.97 919.53 
3 4.27 35 0.574 0.819 111 .271.95 388.50 1385.99 1135.12 795.56 
4 2.71 24 	
: 
0.407 0.913 111 122.10 275.28 1385.99 1265.40 564.10 
5 1.52 14 0.242 0.970 91.0 33.67 	- 134.17 1087.66 1054.66 263.12 
6 0.89 5 0.081 0.996 38.0 2.66 33.67 860:05 856.61 69.66 
Sums 1498.33 1603.38 5404.04 3058.09 
The factor of safety of the embankment without reinforcement is 
F 	= EW cos a tan 	= 5404.04 x 0.7 = 1.24 
EW sin a 	 3058.09 
The factor of safety in case of reinforced embankment is : 
F 	= EC(W cos a + Td sin a)tan f +Td cos a} = (5404.04 + 1498.33)0.7 + 1603.38 =.. 2.10 
EW sin ct 	 3058.09 
Table 3.2 	Summary of Computation According to Equation (3 .3) 
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The calculation of the factor of safety with the aid of 
the computer program (ENCI11.REMB) gives similar values for 
the slip circle considered (ie, 1.242 for the unreinforced 
case and 2.079 for the reinforced case). 	The input and output 
data are given in Appendix 1. 	(Figure Al.l through Figure Al.4). 
The minimum factor of safety for the reinforced case was 
found to be 1.907 (Figure Al.6),. 	This value approximately 
corresponds to the critical factor of safety for a slope 2.7:1 
(tan Wan $ = 1.89). 
Bond Length 
Equation (3.5) has been used to check the bond length 
required to the left of points on this slip circle. 
Assuming F4 = 2 
6 = $ (McGown. : 1974; Broms : 1977). 
The required length (L) = 0.7 AH, giving values less than 1 m. 
Table 3.3 shows the total length of the reinforcement 
required. 	L 1  used in the table = average length to the right 
of points on the slip circle. 
Comparison between the Reinforced and Unreinforced 
Embankment Having the Same. Factor of Safety (ie, .1 .9) 
Considering 1 m width, the difference in volume of earth 
fill between an embankment with slopes 2.7:1 
(unreinforced case) 	and 1.5:1 (reinforced case 	
) 
= 	1116 m2 . 
The area of the reinforcement needed = 1278 m2. 
Slice No H L = 0.74H L1 LT = L + L 1 No of Reinforcement Layers nL1 
(m) (m) 
(m) (m) (n) (m) 
I , 
0.8 0.56 7.0 7.56 16 120.96 
2 0.5 0.35 15.54 15.89 13 206.57 
3 0.45 0.315 17.37 17.685 	- 9 159.17 
4 0.45 0.315 16.46 16.775 6 
a 
100.65 
5 0.55 0.385 13.72 14.105 3 42.32 
6 1.30 0.91 8.53 9.440 1 9.44 
ZnLT 	 639.11 
Table 3.3 	Calculation of the Reinforcement Length 
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Hence, 1 m2 of reinforcement produces a saving of 0.87 
of earth fill in this case. 	Furthermore, other benefits such 
as the reduction in the construction time and the shortening 
of all waterways which cross the dam are quite evident. 
/ 
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CHAPTER 4 	SHEARING RESISTANCE BETWEEN FABRICS AND 
COHESIVE SOILS 
4.1 	INTRODUCTION 
The essential phenomenon in reinforced earth is the 
firction and/or adhesion between the earth and the reinforcement, 
as through this friction and/or adhesion the earth transmits 
to the reinforcement the streses which develop in the mass. 
Previous work has been conducted to determine the adherence 
properties between cohesionless soil and reinforcement, 
especially metal reinforcement, but no work has been previously 
carried out to determine the adherence properties between 
fabrics and cohesive soils. 	Hence the object of this chapter 
is to determine these properties. 
4.2 	REVIEW OF PREVIOUS WORK AND SUGGESTIONS 
The first study of soil adherence properties was done by 
Potyondy (1961). 	He carried out a large number of experiments 
to determine the magnitude of skin friction between various 
soils and construction materials. 	The construction materials 
used were steel, wood and concrete. 	For each material a smooth 
and a rough surface condition was used. 	The soils used in the 
test were sand, clay, cohesive granular soil and cohesionless 
silt. 	Iftthis brief summary of Potyondys work only the results 
obtained with cohesive soil and cohesive granular soil are 
considered. 
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Figure 4.1 and Table 4.1 illustrate the results obtained 
for the clay (PL = 21.8, LL = 37.8, SC = 2.71) and the 
construction materials. 	It can be seen that the curve of skin 
shearing resistance as a function of normal load is divided 
into two parts, the first which increases with the increasing 
normal load and the second shows that the skin friction does 
not increase at all with the normal load over the shearing plane. 
Potyondy attributed the shape of the first part to the variation 
of the density of the soil with the normal load, change in 
saturation and pore pressure produced by the normal load, as 
well as the expulsion of air from the contact surface. 	The 
second part levels off as the density reaches the maximum. 
Figure 4.2 and Table 4.2 show the results obtained for the 
cohesive granular soil (PL = 12.4, LL = 22) and the construction 
materials. 
Based on his findings, he concluded that 
Four major factors determine skin friction; namely 	the 
moisture content of soils, the roughness of the surface, the 
composition of soils and the intensity of normal load. 
In every case the skin friction is lower than the shearing 
strength of the soil. 
In th&case of cohesive soils the adhesion and friction 




No of Line Friction on • or 6 C or Ca 
c max 
ó/ Ca /C canIax/C max in Fig c8max 
lb/sqft lb/sq ft 
I Soil 16° .30' 750 1,175 - -/ - 
C) 2 Smooth steel 90 CO . 200 600 0.55 0.27 0.51 
0 3 Rough Steel 100 00' 350 350 0.61 0.47 0.84 
-z It 
4 Wood par to grain 110 CO . 300 1,020 0.67 0.40 0.87 
Wood at right angles to grain 130 50' 390. 1,000 0.82 0.52 0.85 
0'O 
6 Smooth Concrete 16° 10' 425 1,175 0.97 0.57 1.00 
Soil ll ° 30' 460 675 - - - 
X +o' 2 Smooth steel 6° 30' 140 	. 360 0.56 0.30 0.53 
O)(tr4 
'V 'r4 3 Rough steel 
50 
50' 265 580 0.50 0.58 0.86 
0'o 
Z (N 4 Wood par to grain 	. 700' 210 600 0.61 0.46 0.89 
' 4 5 Wood at right angles to grain 81  CO . 230 620 0.69 0.50 0.92 In 
6 Smooth Concrete 
90 30' 240 675 0.82 0.52. 1.00 00 
000 
Table 4.1 Values of Shear Strength and Skin Friction of Clay 
(After Potyondy 	1961) 
m 
No of Line 
Friction on 
C or Ca $ or 6 ca/c 64 tan 6/tan $ in Fig lb/sqft 
In 1 Coh Gran soil 385 13° 00' - - - 
\a 
2 Smooth steel 10 7° 30' 0.03 0.58 0.57 
It 3 Rough steel 100 10° 00' 0.26 0.77 
0.76 
0 • 4 Wood par to grain 40. 130 50' 0.10 1.06 1.06 
5 Wood at right angles to grain 	105 14° 00' 0.27 1.08 1.08 
0 4J 
'ri 6 Smobth concrete 185 130  00' 0.48 1.00 1.00 
00 
0 7 Rough Concrete 300 13° 30' 0.78 1.04 1.04 
Coh Gram soil 520 19
0 
 10' - - - 
\0 
2: Smooth steel 55 80  30' 0.11 0.44 . 	0.43 
It 3 Rough steel 290 
130 00' 0.56 0.68 0.66 
C) 
k 4 Wood par to grain 100 
160 00' 0.19 0.84 0.83 
5 Wood at right angles to grain 	225 17° 00' 0.43 0.89 0.88 
u,4J 
6 Smooth concrete 360 160  40' 0.69 0.87 0.86 
00 
z 0 7 Rough Concrete 420 18° CO , 0.81 0.94 0.93 
in3 1 Coh Gran Soil 920 22° 00' - - - 
2 Smooth steel 105 90  50' 0.11 0.45 0.41 
t) 
r4. 3 Rough steel 425 18
0 
 30' 0.46 0.84 0.83 
C) 4 Wood par to grain 265 170  40' 0.29 0.81 0.79 
S Wood at right angles to grain 	500 21 0 40' 0.54 0.99 0.98 
0 4j 6 Smooth concrete 615 190 00' 0.67 0.86 0.85 
.rI C 
o a 7 Rough concrete 750 200  30 0.81 0.93 0:93 
Table 4.2 Values of Shearing Strength of Cohesive Granular Soil. Values of Skin Friction between 
Construction Materials and Cohesive Granular Soil 
(After Potyondy 	1961) - - 
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In the case of cohesive granular soil the adhesion part of 
the skin resistance might be neglected if the clay content is 
less than 15%. 
Vidal and Schlosser (1969) in their pioneering paper 
mentioned that for a saturated fine-grained soil, the undrained 
or short term shear strength Cu  might be mobilized in a similar 
manner to the mobilization of the shear strength of sand by the 
use of grooved strip reinforcement. 
Recently Schlosser and Long (1974) performed a series of 
rapid shear box tests to investigate the influence of the fine 
fraction on the angle of friction of the unreinforced soil. 
From their results, as shown in Figure 4.3 they conclude the 
following 
If the clay content is less than enough to fill the voids 
in the sand, the angle of internal friction will be equal to that 
of the sand. 
If the clay content more than fills the sand voids, then 
the total stress friction angle reduces to almost zero and the 
total stress cohesion intercept appears to be equal to that of 
the clay alone. 
A small transition zone in clay content separates these 
two limit -1-hg conditions. 
9 
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Furthermore, Schlosser and Long carried out another series 
of rapid shear box tests to study the relation between the 
angle of internal friction and the coefficient of friction 
between the earth and the reinforcement. 	Figure 4.4 is the 
graph for a large number of fill materials actually used for 
reinforced earth structures, the corresponding values of the 
internal friction in the short term (angle 4) ) and the friction 
angle between the earth and the reinforcement in the short term 
(angle a ) on samples compacted to 80% of the normal Proctor 
value and saturated. 	The results lie between the two 
straight lines of the equations 	tan a = tan 4) and tan 5 = 
0;5 tan 4). 	The percentage by weight of particles smaller than 
80 U, which is currently the main parameter in the choice of fill 
material, does not appear to be in close correlation with the 
coefficient of friction between the earth and reinforcement. 
Simons (1975) questioned the previous work of Schlosser 
and Long (1974).. 	He believes that the value of the earth- 
reinforcement friction measured in a shear test, at a fast 
rate, on a saturated and consolidated soil, is too conservative. 
He suggested that it would be of practical value to' consider 
the design of reinforced earth structures using clayey backfill 
material from the point of view of drained analysis in terms of 
effective stresses, since all soils including fine days, exhibit 
a significant angle of shearing resistance with respect to 
effective stresses. 
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Schlosser and Long (1976) commented on Simons suggestions 
by indicating that, on the basis of many structures constructed 
in France, the most critical time for a reinforced-earth 
- structure with clayey backfill material is during construction. 
They also suggested that the more clayey the fill material, the 
more should its water content approximate to the optimum value 
of the standard compaction test. 
A potentially attractive alternative to ensuring free 
drainage material and smooth reinforcement, has been proposed 
by Lee (1976). 	This is the use of roughened.ties, small 
anchors or wire mesh, etc, with slowly consolidating clayey 
soils, as the pull out resistance would be significantly 
dependent on the passive earth resistance of the numerous small 
protrusions. 	Lee also believes that strong wicks, such as 
porous fibreglass strips might offer several advantages in 
clayey soils since they would provide drainage as well as 
tensile strength. 
Most recently, Bell et al (1977) have carried out shear 
box tests to determine the shearing resistance between ten 
different fabrics and samples of compacted silty clay (LL = 45%, 
PL = 20%). 	Three normal stresses were applied, namely, 138 kN/m 2 , 
177 kN/m2 and 206 kN/m2 . 	These were chosen to represent the 
likely vertical pressures in a road embankment. 	The tests were 
/ 	carried out at a constant rate of 1.22 mm/mm, ie, quick tests. 
The shearing resistance between the fabrics tested and the 
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silty clay was found to be between 70% and 90% of the 
• undrained shear strength of the clay throughout the chosen range 
of normal stresses. 	This suggests that all the fabrics tested 
would have sufficient soil-fabric shearing resistance to act as 
soil reinforcement. 
4.3 	EXPERIMENTAL DETAILS 
In this experimental work the conventional strain 
controlled shear box (Plate 4.1) was used to measure the 
shearing resistance between three types of cohesive soils and 
six fabrics. 	The shear strength of the soils was also measured 
for comparison. 
To simulate practical field conditions for a cohesive 
backfill the following parameters were specified for the tests 
Moisture Content 
The soils were mixed with different quantities of water to 
give moisture contents around the optimum value of the BS 
Standard Compaction - 2.5 kg rammer method (BS 1377 	1975). 
Compaction 
Equivalent to BS Standard Compaction.- 2.5 kg rammer method. 
Rate of Shear. 
/ 	. 	 . 
Sheared at a fast rate of strain (1.2 mm/mm) ie, undrained - 
unconsolidated, since the earth/reinforcement adherence is more 
Fro 
critical during construction time or just after it than later, 
when drained conditions have been reached (Schlosser and Long 
1976). 
4.3.1 Materials Used 
4.3.1.1 	Soils 
Three different types of Cohesive soils were used. 	Two 
highly plastic clays and one sandy clay. 	The classification 
and compaction properties of these soils are given in Table 4.3. 
The compaction curves for London clay and Edinburgh sandy clay 
are given in Figures 4.5 and 4.6 respectively and the grading 
curves in Figures 4.7 and 4.8 respectively. 	The tests were 
carried out according to (BS 1377 : 1975). 
4.3.1.2 Fabrics 
The following types of fabric were tested 
Fabric A : Woven tape polypropylene, 60 tapes (1000 denier! 
10 cm warp and weft (Plate 4.2). 
Fabric B : Spunbonded polypropylene - nylon, 140 gm/m 2  (Plate 4.3). 
Fabric C 	"Terrain' RF/12 unidirectional breaking load of 
12 tonnes per metre (Plate 4.4). 	This was tested 
along the direction of maximum tensile strength. 
Fabric 0 : Wire reinforced jute scrim, 0.375 mm mild steel 
galvanized wire plied with jute, 50 x 35 threads! 
10 cm (Plate 4.5). 
London Clay Edinburgh Sandy 	Peterhead Clay 
Clay 
Liquid Limit (%) 69 28 	 51 
Plastic Limit (%) 29 17 	 25 
British Standard 
Compaction Tests 
2.5 kg Rammer 
Maxi um Dry Density 
kN/m 14.61 17.85 
O.M.C. 	(%) 26 14.7 
British Standard 
Compaction Test 
4.5 kg Rammer 
Maxi um Dry Density 
kN/m3 17.18 
O.M.C. 	(%) 17.2 
S.G. 2.72 2.55 
Activity 0.72 1.10 
Table 4.3 	Soil Classification and Compaction Test Results 
I 
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Fabric E 	'Terram" W/20-20, two directional breaking load 
of 20 tonnes per metre (Plate 4.6). 
Fabric F : 'Terram.' W/5.5-5.5, two directional breaking load 
of 5.5 tonnes per metre (Plate 4.7). 
All the woven fabrics were sheared against soil in the 
direction of the warp. 
4.3.2. Preparation of Materials for the Direct Shear Box Tests 
4.3.2.1 	Soil 
Each type of soil was dried, ground to a powder and moistened 
with different quantities of water around the BS optimum moisture 
content - 2.5 kg rammer method. 	After mixing, it was kept in an 
airtight plastic bag for two days prior to use to improve its 
homogeneity. 
Each moistened soil was compacted to the equivalent of BS 
maximum dry density - 2.5 kg rammer method. 	Compaction was 
carried out in a small steel box (Plate 4.8) - internal dimensions 
6 cm x 6 cm x 10 cm, ie, same cross-sectional area as the shear 
box (Figure 4.9). 	The height of the compacted sample was 
either equal 35 mm for the soil alone or 20 mm for the soil/ 
fabric system. 	The equivalent BS maximum dry density, in case 
of London clay and Edinburgh sandy clay, was accomplished by 
obtaining from the dry density-moisture content curves 
(Figures 4.5 and 4.6) 
	
the maximum dry density for the .knowñ\. 
4 . 
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moisture content of the soil and from the standard compaction 
equation the weight of the soil was determined for the required 
volume, ie 
W = 	d1 + m)V 
where 1d = dry density 
W = total weight of moist compacted soil 
V = volume of mould 
M = moisture content of moist compacted soil 
In case of Peterhead clay, the equivalent BS maximum dry 
density was approximated because the amount of soil was 
insufficient for carrying out compaction tests. 
The determined weight of the soil was placed in the steel 
box and compacted by Iiammering through a piece of plywood - 
dimensions 5.7 cm x 5.7 cm x 12 cm - which was marked along its 
sides to give exactly the required volume when the mark coincided 
with the edge (Figure 4.10 and Plate 4.9). 
After compaction the screws holding the four sides of the 
mould to the base were released and the sides were taken away, 
thus allowing for the easy removal of the compacted sample. 
4.3.2.2 Fabrics 
A square piece of reinforcement (6 cm x 6 cm) was cut 
out from the type of fabric to be tested and glued to a piece 
of plywood, having the same cross-sectional area, with the use 
of Evostick adhesive. 	Weights were placed on the top of the 
fabric for a short period to ensure good fixity and no bulging 
The height of the piece of plywood was determined in such 
a way that the top surface of the fabric was flush with the 
sliding surfaceof the lower half of the shear box. 
4.3.3 Test Procedure 
The glued fabric was placed on the lower half of the shear 
box and the compacted soil specimen on the upper half of the shear 
box as illustrated in Figure 4.11. 
Different vertical loads ranging from 15 kg to 150 kg were 
applied, as in the conventional shear box tests (Plate 4.1). 
The test was carried out at a constant rate of 1.2 mm/mm, ie, a 
quick test. 
For every vertical load two tests were carried out and the 
average was taken for determining the results. 
Immediately after each test a portion of the soil was taken 
53 
/ 	for moisture content determination. 
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5. 	The above steps were repeated with the compacted soil 
alone to provide a basis for comparison. 
4.4 	TEST RESUL 
London Clay 
Values of adhesion (ie, shearing resistance at zero normal 
load) and skin friction at different moisture contents are 
plotted in Figures 4.12 - 4.18 and summarized in Table 4.4. 
The shear-displacement curves are plotted in Figures 4.23 and 
4.24. 
Peterhead Clay 
Values of adhesion and skin friction are plotted in 
Figure 4.19 and summarized in Table 4.5. 
Edinburgh Sandy Clay 
Values of adhesion and skin friction are plotted in 
Figures 4.20 - 4.22 and summarized in Table 4.6. 
For the two highly plastic clays (London and Peterhead) the 
curve of the shearing resistance is divided into two portions; 
in the first part the shearing resistance increases with the normal 
load and in the second part the shearing resistance increases 
only very slightly with the normal load. 
With the two highly plastic clays the adhesion with all 
the types of fabric tested is small in relation to the cohesion 
/ 
"I', 
of the clay; especially London clay. 	However, for high normal 
stress the shearing resistance of the soil-fabric system approaches 
the shearing strength of the clay. 
With the sandy clay the fabrics tested almost mobilize the 
full shearing strength of the soil, except at low moisture 
content (4.5% dry of optimum) where the adhesion is very small 
compared with the cohesion of the soil. 
With all the types of soil investigated, Fabric D exhibits 
greater shearing resistance than the other types. 	This is due 
to the fact that Fabric D has a greater surface roughness than 
the other types. 	This is clearly illustrated in Plates 4.2 - 
4.7. 	In addition, the pores of Fabrid D allow the soil grains 
to penetrate into the fabric. 	This supports Lee's suggestions 
for the use of wire mesh and rough, ties as reinforcement in 
slowly consolidating clayey soils, as their pull out resistance 
would be significantly dependent on passive resistance of the 
numerous small protrusions. 
The shear-displacement curves are very similar to the curves 
obtained when shearing the soil alone. 	They generally exhibit 
a peak which corresponds to a state in which the shearing 
strength of the soil is fully mobilized and this peak occurs at 
slightly smaller deformations than that of the soil alone. 
Furthermore, there is no considerable loss in the shearing 
resistance after the peak has been attained. 	This characteristic 
is desirable as it may prevent sudden embankment failure at small 
deformations.' 
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• 	 First Part of Second Part of 
the Curve the Curve 
TYPE 
M/C 	
CorCa  or 6 CorCa tor  
I, 
kN/nit in degrees 
1) 
kN/nt in degrees 
Soil 94 24 
25.28 Fabric A 4 24 NOT APPLICABLE 
Fabric B 8 30 
Fabric D 0 32 
Soil 76 28 130 7 
26.69 
Fabric  4 27 85 10 
Fabric B 12 29 110 9 
Fabric D 10 32 120 10 
27.05 
Soil 68 26 123 7 
Fabric D 7 33 121 8 
Soil 47 18 84 7 
Fabric A 8 25 82 7 
29.80 Fabric B 13 28 78 7 
Fabric 10 25 76 7 
Fabric E 13 27 90 2 
Fabric 12 .26 74 7 
31.03 
Fabric A 6 27 70 4 
Fabric B 10 28 80 4 
31.74 
Soil 39 16 65 4 
Fabric D 18 	• 26 65 4 
where 
C = cohesion of the clay 
• = angle of internal friction of the clay 
Ca = adhesion between the clay and fabric 
6 . .= angle of friction between the clay and fabric 
Table 4.4 	Results of Shear Box Tests with London Clay in 
Contact with Different Types of Fabric 
/ 
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First Part of Second Part of 
M/C TYPE 
the Curve the Curve - 
 
- 
CorCa 	4)or6 CorCa 4)or  
kN/m 2 in degrees kN/m2 	in degrees - 
Soil 28 	 23 48 2 
29.6 Fabric A 10 21 48 2 Fabric B 13 	 22 51 2.5 
Fabric  14 24 56 1 
Table 4.5 Results of Shear Box Tests with Peterhead Clay in 
Contact with Different Types of Fabric 




 Ca/C 5/4) 
Soil 75 36 - - 
10.31 Fabric E 9 34 0.12 0.94 
Fabric F . 	 7 32 0.09 0.90 
Soil 38 30 - - 
Fabric A 5 30.5 0.13 1.02 
14.21 Fabric B •8 31 0.21 1.03 
Fabric C 8 30 0.21 1.00.. 
H.. Fabric D 27 31 	.. 0.71 1.03: 
Fabric E 18 29 0.47 0.97 
Fabric F 12 28 	. 0.32 . 	 0.96 
Soil 20 28 - - 
16.25 Fabric A 10 27 0.5 0.96 
Fabric B 8 27 0.4 0.96 
Fabric 0 20 27 1.0 0.96 
Table 4.6 Results of Shear Box Tests with Edinburgh Sandy Clay 
in Contact with Different Types of Fabric 
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Figure 4.1 	Skin Friction/Normal Load Relationship of Clay 
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Figure 4.2 	Skin Friction/Normal Load Relationship of 
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Figure 4.3 	Evolution of Angle of Internal Friction and 
Cohesion 
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Figure 4.4 	Coefficient of Earth-Reinforced Friction 













22 	24 	26 	28 	30 	32 









o 	12 	14 	16 	18 	20 	22 
Moisture Content % 	 (b) 
Figure 4.5 	Compaction Curve for London Clay 
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Figure 4.6 	Compaction Curve for Edinburgh Sandy Clay 
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Figure 4.7 	Grading Curve of London Clay 







Figure 4.9 	Compaction Mould 
Plan 
piece of plywood 
x 5.7 cm x 12 cm 
don mould 
round the four sides 
(a) Before Compaction 
(b) After Compaction 
Figure 4.10 	Method of Compaction 
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Figure 4.13 	Results of Shear Box Tests with London Clay in 
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Figure 4.14 	Results of Shear Box Tests with London Clay in 
Contact with Fabric 0 
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Figure 4.15 
	
Results of Shear Box Tests with London Clay in Contact 
with Fabric D 
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Results of Shear Box Tests with London Clay in Contact 
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Figure 4.17 	Results of Shear Box Tests with London Clay in Contact 
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Fioure 4.19 	Results of Shear Box Tests with Peterhead Clay in Contact 
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Figure 4.20(b) 	Results of Shear Box Tests, with Edinburgh Sandy Clay in Contact with Fabrics B, D and F 
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Figure4.21(a) 	Results of Shear Box Tests with Edinburgh Sandy Clay in Contact with Fabric A 
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Figure 4.22 	Results of Shear Box Tests with Edinburgh Sandy Clay in Contact with Fabrics E and F 
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Plate 4.1 	Strain-Controlled Shear Box 
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CHAPTER 5 : STRENGTH CHARACTERISTICS OF REINFORCED COHESIVE SOILS 
	
5.1 	INTRODUCTION 
The present chapter attempts to investigate whether cohesive 
soils, can be effectively reinforced with fabrics. 
To this end, laboratory triaxial tests were performed to 
examine the soil-strength improvement by introducing horizontal 
layers of fabrics, equally spaced in the horizontal plane of the 
triaxial specimens. Several parameters like the type of the fabric, 
the spacing of the fabric, the type of the cohesive soil and the 
moisture content of the specimens were varied to check the proposed 
mechanism. 
5.2 	REVIEW OF PREVIOUS RESEARCH 
tSome research has been carried out previously by independent 
investigators to define the basic mechanism of reinforced 
cohesionless soil. Schlosser and Long (1972), Yang and Singh (1974), 
Hausmann and Lee (1976) and Broms (1977) have each reported the 
results of triaxial compression tests on cylindrical samples of 
sand containing thin sheets of a tensile reinforcing material. All 
their studies show a substantial increase in the strength of the 
reinforced specimens. 




Very limited work has been conducted on studying the effect 
of the reinforcement on cohesive soils by TRRL (1975). The results 
of a series of triaxial tests carried out on specimens of silty 
clay (LL 42,PL 17) with different amounts of reinforcement, as 
shown in Fig (5.1), indicate that a considerable increase in the 
strength has been obtained from the more highly reinforced specimens. 
5.3 	EXPERIMENTAL DETAILS 
5.3.1 Materials Used 
Soil 
Two types of cohesive soil were used, namely, the highly 
plastic London clay and Edinburgh sandy clay. The index properties 
of these clays are given in section (4.3.1.1). 
Fabrics 
Three types of fabric were used as a reinforcement in these 
series of tests. These are:- 
1 - Fabric 0 
2 - Fabric E 
3 - Fabric F 
The identification of these fabrics is given in section (4.3.1.2) 
and the tensile strength properties in Table (5.1) 
I 
Type of 	
WARP 	 WEFT 	 Method of 
Fabric Testing 
Tensile Strength 	Tensile Strain 	Tensile Strength 	Tensile Strain 
/ 	at Failure at Failure at Failure at Failure 
I kN/m 	 kN/m 
D 	 48.85 	 7.5 	 27.46 	 3.3 	Strip Test with the 
Instron Machine 
E 	 196.2 	 20 	 196.2 	 20 	Grab Test 
- 	 (Manufacturer Data) 
F: 	 54 	 5.5 	 54 	. 	 5.5 	Grab Test 
• 	 . (Manufacturer Data) 
Table 5.1 	Tensile Properties of Fabrics Tested 
S 
a 
5.3.2 Preparation of Specimens 
Each type of soil was ground and moistened with different 
quantities of moisture content in the region of the BS optimum 
moisture content - 2.5 kg raner method. After mixing, the soil 
was allowed to stand in an air-tight bag for two days prior to use 
to assure uniformity. 
Compaction was carried out in a cylindrical split mould of 
vertical height 20.32 cm and diameter 10.16 cm. (Plate 5.1). 
Specimens were compacted into five, six and nine equal layers with a 
2.5 kg hammer and 30 cm drop, according to the horizontal placing 
of four, two and eight discs of the fabric respectively. 25 blows 
per layer were applied in the case of the soil compacted into five 
layers, 21 blows per layer in the case of the soil compacted into 
six layers and 14 blows per layer in the case of the soil compacted 
• 	
into nine layers. These give approximately the same amount of 
compaction per unit volume as in the BS compaction test - 2.5 kg 
rammer method. 
Accurate placement of the fabric was achieved by compacting 
equal amounts of soil per layer after determining the required 
total amount from a similar unreinforced specimen. 
5.3.3 Triaxial Testing 
/ 	• Undrained triaxial testing of the specimens, without 
measurement of pore pressure, was performed in the large triaxial 
apparatus (Plate 5.2) in accordance with the procedure described 
61 
52 
by Bishop and Henkel (1962). Loading of the specimens was applied 
at a constant rate of deformation of 1.9 mm/mm. Three different 
values of cell pressure were applied - 127.6 kN/m2 , 282.7 kN/m2 and 
'420.6 kN/m2 . To form a basis for comparison, the tests were 
carried out on both reinforced and unreinforced specimens. Care 
was taken to make all the specimens, at the three cell pressures, 
of approximately the same density and moisture content. 
After the termination of each test three samples from each 
specimen were taken for moisture content determination. 
5.4 	TEST RESULTS 
5.4.1 Mode of Failure 
The typical modes of failure observed are shown in Plate (5.3). 
The specimens without reinforcement show a barrel-type of failure, 
while the reinforced specimens show a uniform bulging shape of the 
soil layers between the reinforcing discs of the fabric and with 
less lateral deformation at the level of the fabric. 
5.4.2 Observed Causes of Failure 
1 - Edinburgh sandy clay 
In the range of moisture contents considered, sliding 
/ 	
failure (me slippage of fabric) has occurred at all moisture 
contents above 2.5% dry of optimum in the case of Edinburgh sandy 
clay reinforced with all three types of fabric tested. 
63 
At moisture contents below 2.5% dry of optimum, failure was 
caused by the breaking of Fabric D along the weak direction as shown 
in Plate (5.4). In the case of the other two types tested 
(ie Fabric E and Fabric F) no failure or any decrease in the 
vertical applied load was observed at an axial strain of 20 - 22%, 
'a 
where the test was terminated (Figs 5.9 and 5.10). When the 
specimens were dismantled after the test, about 2 mm of the surface 
pattern of the fabric was observed on the soil around the edge 
of the fabric. This suggests that the fabric has stretched about 
4% radially and returned to its previous position after the load 
has been released. 
2 - London clay 
London clay reinforced with all the fabrics •tested and at all 
moisture contents considered, failed by sliding of the soil 
particles on the contact surface. 
These results agree with that of the soil-fabric shearing 
resistance tests obtained by the shear box (chapter : 4) ie less 
fabric-soil shearing resistance with London clay as compared to 
that of Edinburgh sandy clay. 
5.4.3 Stress-Strain Behaviour 
Figs (52- 5.5) and Figs (5.6 - 5.10) show the stress-strain 
/ 	
curves for reinforced and unreinforced London clay and Edinburgh 
sandy clay respectively. From these curves the following 
conclusions can be drawn:- 
Considerable improvement in the strength of the soil due 
- 	to reinforcement; especially with increase in the 
amount of reinforcement. 
When the failure mode is controlled by the tensile strength 
of the reinforcement, breaking failure of the reinforcement 
causes a sharp peak in the stress-strain curves (5.6b, 5.7b 
and 5.8b). This mode of failure has occurred only with 
Edinburgh sandy clay reinforced with Fabric 0 and at 
moisture contents below 2.5% dry of optimum. 
The vertical strain at failure has increased slightly 
with the reinforcement. This suggests that the reinforcement 
has modified the strain pattern over that in the 
unreinforced soil by distributing the strains in a greater 
volume. 
5.4.4 Application of the Mohr-Coulomb Failure Law 
The reinforced soil is considered as an equivalent homogeneous 
anisotropic material, and its strength is analysed in terms of the 
Mohr-Coulomb failure law. 
Since it is difficult to make samples at identical moisture 
/ 	contents, the deviator stress at failure was plotted with respect 
to moisture content as shown in Figs (5.11 - 5.13) for London clay 
and Fig (5.14) for Edinburgh sandy clay. The failure stress was 
W 
taken at 20% axial strain for the samples which have not failed 
before this. From the failure stress-moisture content curves the 
failure envelopes were deduced. 
Figs (5.15) through (5.17) show the failure envelopes for 
London clay and London clay reinforced with 4 discs and 8 discs 
of Fabric D. The moisture contents considered are optimum, 2% wet 
of optimum and 2% dry of optimum. Similarly, Figs (5.18) through 
(5.21) show the failure envelopes for Edinburgh sandy clay and 
Edinburgh sandy clay reinforced with 4 discs of Fabric D. The 
moisture contents considered are optimum, 2% wet of optimum, 2% 
dry of optimum and 3.2% dry of optimum. 
The test results summarized in Tables (5.2) and (5.3), for 
London clay and Edinburgh sandy clay respectively, indicate the 
following:- 
1. 	Considerable increase in cohesion due to the fabric in the 
case of London clay, but negligible increase in the angle 
of friction. This indicates that the restraining effect 
due to the fabric is nearly constant, and this might be 
due to the approximately constant soil-fabric shearing 
resistance at such normal loads and moisture contents 
(Shear box results 	chapter 4). The increase in cohesion 
is more pronounced with the more heavily reinforced soil 
FA 
M/C• 	 Soil Reinforced with 	Soil Reinforced with 
Soil Alone 	4 discs of Fabric D 8 discs of Fabric D 
Ah = 4.06 cm 	 Ah = 2.26 cm 
C 	 C 
degrees 	kM/rn2 	degrees 	kN/m 	degrees 	C. 
28 2 110 2 130 8 135 
26 5 125 5 160 •6 220 
24 5 185 5 245 6.5 295 
Table 5.2 	Values of the Shearing Strength Parameters of London 
Clay and London Clay Reinforced with Fabric D 
MJ'C 	Soil Alone 	Soil Reinforced with 4 Discs of Fabric D 
th= 4.06 cm 4) 	C 	




degrees kN/m degrees kM/rn 
16.7 1.5 .70 11 72 
14.7 6 110 16.5 145 
12.7 16 125 22.5 260 
11.5 18 170 20 405 
Table 5.3 	Values of the Shearing Strength Parameters of Edinburgh 




2. 	In the case of Edinburgh sandy clay, there is an increase 
in both cohesion and angle of friction for the soil at 
optimum moisture content and at 2% dry of optimum and only 
increase in the angle of friction for the soil at moisture 
content 2% wet of optimum. At moisture content 3.2% dry 
of optimum there is a remarkable increase in cohesion and 
very small increase in the angle of friction and this 
represents the case where, there is enough soil-fabric 
shearing resistance and failure is controlled by the 
ultimate strength of the reinforcement (Fig 5.21a). In 
this case, the increase in the strength can be attributed 
to a restraint against expansion provided by the fabric. 
Fig (5.21b), which has the same failure envelopes as 
Fig (5.21a), illustrates clearly this restraining effect, 
ie for the same vertical stress the lateral pressure has 
changed by a  = 415 kN/n1 2 due to the reinforcement. 
Hence, to compare the reinforcing effect with the ultimate 
strength of the fabric:- 
- 	2wrcrRAh = 27rd 5t 
= cr5t = J 
where: 
Ah = spacing of the reinforcing fabric 
r = radius of the sample = radius of the fabric 
t = thickness of the fabric 
I = a5 t = Tensile strength of the fabric/unit length 
From Fig (5.21b) 
GR.oh = 415 x 4.06 x 10- 2 = 16.85 kN/m 
This value is less than the ultimate tensile strength of 
the fabric which is 27.46 kN/m. 
This discrepancy can at least partially be explained by 
the following:- 
	
1. 	The complex stress-state induced in the triaxial specimen 
due to the cross-anisotropic fabric properties. 
21 . 	The effect of end restraints induced by the rigid loading 
cap might have contributed some strengthening effect in 
the unreinforced soil, thus making a1 greater than the 
actual and hence cy less than the actual. 
5.4.5 Comparison Between the Reinforcing Effect of the Different 
Fabri csTested 
The comparison between the reinforcing effect of the 
different types of fabric included is shown by the failure 
stress-moisture content curves on Fig (5.22) and Fig (5.23) for 
London clay and Edinburgh sandy clay respectively. These curves 
indicate the following:- 
Better improvement in the strength of London clay is achieved 
by Fabric D and less, approximately equal, improvement by 




In the case of Edinburgh sandy clay, better improvement in 
the strength is achieved by Fabric 0, then Fabric E and 
finally Fabric F. 
At low moisture content (below 2.5% dry of optimum), with 
the sandy clay, the improvement due to Fabric E and Fabric F 
increases substantially, with better contribution from 
Fabric E. 
These results confirm, as stated in the previous section, 
the significance of the soil-fabric shearing resistance ie better 
improvement with Fabric Dwhich has a rough surface than Fabric E 
and Fabric F. Furthermore, with all the fabrics tested better 
improvement in the strength at moisture contents dry of optimum 
(shear box results : chapter 4). 
5.5 CONCLUSIONS 
1 - The test results show that cohesive soils can be 
effectively reinforced with fabrics. The reinforcing effect is a 
function of several factors, which are interrelated. These factors 
are:- 
The strength properties of the cohesive soil 
The moisture content of the cohesive soil 
The surface texture of the fabric 
The tensile strength of the fabric 
The stiffness of the fabric 
The density of the reinforcement 
70 
ie the closer the spacing between two consecutive layers, the higher 
is the ultimate strength of the reinforced soil. This indicates 
that the region in the soil which is effectively influenced by 
the induced shearing stress on the contact face plays an 
important role in determining the strength of the reinforced soil. 
The first three factors are those on which the shearing 
resistance between the fabric laye'r and the soil depends, as 
through this shearing resistance the stresses are transferred 
from the soil to the fabric. Hence, if the shearing resistance 
is low, anchorage of the fabric in the soil will be poor and the 
transfer of stresses will therefore be low. 
2 - With the fabric included, there is no decrease in the 
vertical strain at failure and even a slight increase is indicated 
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Figure 5.1 	Effect of Reinforcement on Silty Clay 
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Figure 5.2 	Stress-Strain Curves for London Clay - Cell Pressure 
= 127.56 kN/m 2 . 
a) Clay Alone; (b) Clay Reinforced with 8 Discs of 
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Stress-Strain Curves for London Clay - Cell Pressure 
= 282.7 kr4/mt 
(a) Clay Alone; (b) Clay Reinforced with 8 Discs of 
Fabric D; (c) Reinforced with 2 Discs of Fabric D; 
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Figure 5.4 	Stress-Strain Curve for London Clay - Cell Pressure 
= 420.6 kN/m2 . 
(a) Clay Alone; (b) Reinforced with 8 Discs of Fabric D; 
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Figure 5.4 	(continued) 
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Stress-Strain Curves for Reinforced London Clay 
	
(a) With 4 Discs of Fabric E; (b) 	ith 4 Discs of 
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Figure 5.6 	Stress-Strain Curves for (a) Edinburgh Sandy Clay; 
(b) Edinburgh Sandy Clay Reinforced with 4 Discs of 
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Figure 5.7 	Stress-Strain Curves for (a) Edinburgh Sandy Clay Alone; 
(b) Reinforced with 	Discs of Fabric D. 	Cell 
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Figure 5.8 	Stress-Strain Curves (a) For Edinburgh Sandy Clay; 
(b) Edinburgh Sandy Clay Reinforced wit 4 Discs 
of Fabric 0 - Cell Pressure = 420.6 kU/rn 
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Figure 5.9 	Stress-Strain Curves for Edinburgh Sandy Clay Reinforced 
with 4 Discs of Fabric E 
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Figure 5.10 	Stress-Strain Curves for Edinburgh Sandy Clay 
Reinforced with 4 Discs of Fabric F 
1500 
M/C = 10.12% 
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Figure 5.11 	Failure Stress - Moisture Content Curves for London Clay 
and London Clay Reinforced with Fabric D 
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Figure 5.12 	Failure Stress - Moisture Content Curves for London Clay 
and London Clay Reinforced with Fabric 0 
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Figure 5.13 
	
Failure Stress - Moisture Content Curves for London Clay 
and London Clay Reinforced with Fabric 0 
Symbol 	 Type 
Cell 
Press 
• 	soil 	alone 
o 	reinforced soil 
127.6 
X 	soil 	alone 
reinforced soil 
282.2 
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Figure 5.14 	Failure Stress - Moisture Content Curves for Edinburgh Sandy 
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(b Figure 5.16 	Mohr Stress Circles for London Clay - Moisture Content = 26% (a) For Clay Alone and Clay teinforced 
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Figure 5.16 	Mohr Stress Circles for London Clay - Moisture Content = 28 
For Clay Alone and ClayReinforced with 4 Discs of Fabric D; 
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Figure 5.17 	Mohr Stress Circles for London Clay - Moisture Content = 24%. 
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Figure 5.18 	Mohr Circles for Edinburgh Clay and Edinburgh Clay Reinforced 
with Fabric D - M/C = 12.7% 
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Figure 5.19 	Mohr Circles for Edinburgh Clay and Edinburgh Clay Reinforced 
(optimum) 
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Figure 5.20 	Mohr Circles for Edinburgh Clay and Edinburgh Clay Reinforced 
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Figure 5.21(a) 	Mohr Circles for Edinburgh Sandy Clay and Edinburgh Sandy Clay Reinforced with Fabric 0 
ru • 
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Figure 5.21(b) 	Mohr Circles for Edinburgh Sandy Clay and Edinburgh Sandy Clay Reinforced with Fabric U 
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Figure 5.22 	Failure Stress - Moisture Content Curves for London Clay 
and London Clay Reinforced with 4 Discs of Fabric D, 
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Figure 5.23 	Failure Stress - Moisture Content Curves for Edinburgh Clay 
and Edinburgh Clay Reinforced with 4 Discs of Fabric U, 
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Plate 5.2 	Triaxial Apparatus 
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(b) 
Plate 5.3 	Typical Mode of Failure (a) Unreinforced Specimen 




Plate 5.4 	Breaking Failure of Fabric D 
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CHAPTER 6 	CRACKING OF EARTH AND EARTH-ROCKFILL DAMS 
6.1 	INTRODUCTION 
The-possible development of cracks in earth and earth-rockfill 
dams is one of the major problems confronting the dam designer.. 
In recent years considerable attention has been focused on this 	- 
problem. 	The ASCE Committee on Earth and Rockfill dams (1967) 
discussed and categorized the problems concerning the design and 
construction of earth and rockfill darns on which- more research is 
urgently needed and the problem of cracking was rated as the second 
highest priority. 	Also in the Tenth International Conference on 
Large Dams (1970), a considerable number of papers and discussions 
were devoted to the cracking problem. 
The main objectives of this chapter is to give a review on 
the mechanics of cracking and the suggested defensive and remedial 
measures. 
6.2 	REVIEW OF THE PREVIOUS WORK ON CRACKING 
Casagrande (1950) had indicated that cracking in the case 
of an earth dam, resulting from non-uniform foundation settlement, 
might lead to piping. 	He recognised the desirability of using 
more plastic clays in the core in order to minimise the possibility 




flexibility that might be achieved by compacting clay wet of 
optimum. 
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Nonveiller and Anagnosti (1961) were interested in the 
deformation of a narrow vertical clay core and in the development 
of horizontal cracks caused by the core being supported by the 
less compressible rockshells. 	They proposed a theoretical 
analysis based on the theory of plasticity to estimate the 
distribution of vertical stresses in the core along a transverse 
section of the dam, assuming that the core behaves as a thin 
plastic layer compressed betwen two rigid plates. 	Then they 
assumed that a horizontal crack would form at the elevation 
where the vertical stress is reduced to zero. 	Their analysis 
shows that for a core with vertical sides this critical condition 
will develop when the width of the core is reduced to dy' 
where c is the cohesion and y' is the submerged unit weight. 
They conclude that a horizontal crack at a given elevation would 
have tendency to close if the average vertical stress in the core 
• 	
• 	is greater than the water pressure at that elevation. 
Leonards and Narain (1963) related the prediction of 
cracking to the tensile strength of the soil as determined in 
beam tests. 	They developed •a theory to allow the use of such 
tests for the prediction of cracking potential in earth dams 
and checked the theory with a few cases of dams which had 
cracked. 	Table 6.1 shows the comparison. 
They proposed the following measures as a guide to the 
/ 	designer 
Tensile Strain at Cracking in Percentage 
Calculated Beam Tests Field Observations 














Length 	Height 	Ratio 	Max Settlement 
Dam 	 2L H 2L Height, in 
in feet 	in feet 	- 	Percentage 
H 
Portland 330 35 9.5 2.2 
150 6 
Rector Creek 900 1.1 
75 12 
40. 28 
Woodcrest 1125 0.5 - 
25 '45, 
54 6.5 
Shell 	Oil 350 0.6 
40 9 
Willard 800 6 133 .15.7 
Table 6.1 	Comparison of Tensile Strains at Cracking 
(After Leonards and Narain : 1963) 
II 
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Whenever possible avoid using fine silty sand, clayey 
silt and silty clay in homogeneous dams and in cores of 
zoned dams. 
Minimise discontinuities in slopes of abutments, closure 
sections, etc. 
If the foundation material is compressible, compact wet 
of optimum. 
If conditions favourable to cracking cannot be avoided, 
construct substantial filter zones of well graded sand and 
gravel on both sides of the impervious core. 	The filter 
should be designed to trap the eroded material and to seal 
the core. 
Remove or prewet and if feasible, preload foundation 
material subject to collapse of structure on wetting. 
Sherard et al (1963) summarized their ideas on the mechanism 
of cracking and presented most of the available information. 
Most of the following section on the mechanism of cracking is 
attributed to their intensive study. 
Wilson (1972) indicated that the more compressible the 
foundation and embankment, the greater the likelihood that 
surface cracks will open up. He recommended that if the core is 
/ 	directly placed on bedrock, the lower layers of the core must 
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be well compacted on the dry side of optimum to reduce settle-
ments, whereas the upper layers may be less well compacted 
and placed on the wet side of optimum to minimise the possibility 
of tracking over irregularities in the rock surface. 
Recently Sherard (1972) has contributed the most definitive 
study on the problem of cracking, with emphasis on a review and 
evaluation of experience with cracked dams during the last few 
years. 	Some of his important observations indicate the 
following 
The rigidity of compacted dams and the likelihood of 
cracking increases rapidly with decreasing water content 
below optimum. 
The likelihood of leaks breaking through cracks on the 
first filling is much greater if the reservoir is filled 
very rapidly. 
Cracking has developed in cores constructed of almost all 
types of soils, and there is no reliable guidance from the 
experience currently available as to which soil may be 
especially susceptible to cracking. 	However, there' is 
considerable evidence to support the conclusion that 
embankments constructed of certain kinds of residual soils 
and -possibly soils of other origin contain a 'cementing 
/ 
agent' which make them brittle and susceptible to cracking. 
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Dams designed as flood control structures which will stand 
with empty reservoirs most of the time have at least as 
great a need for internal zoning, drainage, and filters 
to control leaks thi-ough cracks as dams designed to retain 
continuously full reservoirs. 
Relating cracking to compaction and moisture content 
Sherard considers the following basic specifications are 
reasonable and satisfactory as defensive measures against 
cracking 
The moisture content at compaction should be in the range 
between 1% below and 3% above standard AASHO optimum moisture 
content. 
The material should be processed to a uniform moisture 
• 	• 	content by adding water in advance in the borrow area. 
• 
	
	Only light sprinkling should be allowed on the construction 
surface to compensate for drying. 
The material should be compacted with 10 to 12 passes of a 
heavy sheepsfoot roller (3000 - 4000 lb/lineal ft) in 
layers that are not more than 6 in, thick after compaction. 
Vaughan (1976) suggested a perfect •filter design to protect the 
cracked dam from erosion and has recommended the following 
/ 	1. 	The filter design is more effective if it is based on 
permeability rather than on filter grading. 	He developed this 
argument by indicating that from the standard permeability theory, 
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the coefficient of permeability varies with the square of the 
pore size, and, since the size of the floc which will pass 
through the pore space of the filter may be expected to vary 
linearly with pore size, a relationship of the form given in 
equation (6.1) should operate 
K = Ad2 	 (6.1) 
where K = coefficient of permeability 
d = floc size 
A = constant 
The average results from some tests, as shown in Figure 6.1, 
with the average floc size plotted against permeability of filter, 
give some support to the relationship such as equation (6.1). 
The horizontal lines represent the difference in permeability 
between a filter which retained the clay flocs and one which 
allowed them to pass. 
The author believes that it is feasible to use fabric as a 
filter, as well as reinforcement, since some fabrics have 
permeability of the order given for filter design in Figure 6.1. 
In fact, the permeability tests, on some fabrics, conducted by 
Bell et al (1977) under a normal pressure of 300 kN/m 2 give 
values of-.-the order (10 - 4m/sec). 	Hence, research in this field 
/ 	is recommended. 	 - 
/ 
Fig' 
In cohesive soils the filter must be designed to retain 
the smallest particles generated by erosion and it should be 
non-cohesive and so unable to sustain an open crack with water 
flowing through it. 	Such a filter could be obtained by grinding 
clean sand. 
In non-cohesive soils, the conservative filter design 
based on graded filter criteria should be adequate, since rapid 
collapse and self-sealing of cracks in such materials is likely. 
Penman (1976) indicated that for a core to be safe against 
cracking, the total earth pressure in the core had to exceed 
the pressure of the reservoir water at all depths, otherwise 
the effective stress in the core material would fall to zero and 
hydraulic fracturing might result. 	He suggested that the core 
should be sufficiently flexible, so that differential movements in 
the dam could not reduce the total stress in the core beltw FYwZ 
where F = factor of safety 
= unit weight of water 
z = depth of water. 
Leps (1976) used the finite element method to analyse the 
susceptibility of thin core dams to hydraulic fracturing. 
Based on his findings, he concluded that 
1. 
 
Stresses developed in the core would be substantially 
lower than those in the adjacent zones. 
C 
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Hydraulic fracturing would be caused by normal core drilling 
such as with water or normal grouting pressures and in a few 
cases by the reservoir water pressure. 
There was no positive evidence available to judge the 
orientation of cracks. 	However, the main body of analytic and 
laboratory evidence tends to show that hydraulic fracturing 
across homogeneous thin cores is likely to be vertical rather 
than horizontal. 	But the author believes that there is 
substantial field evidence to suggest that hydraulic fracturing 
due to the reservoir water occurs on a horizontal plane, eg, 
Hyttejuvet Dam (Kjaernsii and Torblaa : 1968) and Baiderhead Darn 
(Vaughan et al 	1970). 
To minimise the possibility of hydraulic fracturing, Leps 
recommended the following 
Avoid drilling in the core with water and avoid grouting 
the core. 
Design the cross-section to provide the flattest sloping 
core, thereby minimising arching effects in the core. 
Specify those selection and placement methods of all fill 
materials which would yield an optimum degree of compatibility 
of the basic stress-strain compressibility characteristics 
of adjacent zones in the embankment. 
/ 
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Kuihawy and Gurtowski (1976) also used the finite-
element method in studying the load transfer and hydraulic 
fracturing in zoned dams with different material properties 
and embankment geometry. 	The method employed in their 
investigation was based on incremental construction operation 
to simulate placement of successive layers of fill. 	The 
core was assumed to have no tensile strength and the foundation 
to be rigid. 	Load transfer was evaluated by comparing the 
computed values of the major principal stress (a 1 ) in the core 
to the core overburden stress (-yth) at any given depth below 
the crest. Ratios less than 1.0 indicate load transfer from the 
core into the transition and shell while ratios greater than 
1.0 indicate load transfer from the transition and shell into 
the core. 
Based upon their findings, the dams which exhibit the 
least cracking potential would have flatter side slopes, 
thicker cores, sloping cores, medium dense shells and cores 
compacted drier than the optimum. 	In all cases analysed 
the potential for hydraulic fracturing along vertical planes 
was greater than the potential along horizontal planes. 
Charles (1977) has questioned the conclusion of the 
previous investigators which suggests that wetter cores lead 
to more load transfer and greater susceptibility for hydraulic 
fracturing. 	He summarized the stresses measured at the end 
of the construction in the clay cores of three rockfill dams 
built in the United Kingdom (Table 6.2). 	The load transfer 
Date of 	Height in 
Dam 
Completion 	metres 
Balderhead 1964 48 
Llyn Brianne 1971 90 
Scaniiienden 1969 73 
Clay Core Stresses 
Position Base Width % age Above Proctor Pore 
in metres Optimum of Average Pressure 
Water Content Yh Iii Ratio 
Central 15 0 0.78 0.54 0.39 
Central 50 1 0.78 0.71 0.65 
cc 
Upstream 25 7 0.82 0.78 0.71 
Sloping 
Note 	Stresses are measured on centre line of clay core at 20% - 25% full height of dam. 
Gy = vertical stress; 02 = intermediate principal stress (which acts on a plane normal to the axis of the dam); 
Yh = overburden pressure 
Table 6.2 	Stresses Measured at End of Construction in Clay Cores of Rockfill Dams Built in United Kingdom 
(After Charles 	1977) 
Ifi 
ratios, Gy/( Yh) of all three dams are very similar, despite 
the difference in placement water content. 	However, the 
corresponding ratio for intermediate principal stress, 
shows a considerable variation with the.lowest value 
of the ratio occurring in the dam with the driest core, ie, 
Balderhead Dam, which alone has exhibited troubles that can be 
associated with hydraulic fracturing. 	Thus, there is some field 
evidence to suggest that susceptibility for hydraulic fracturing 
increases as clay cores are placed at drier water contents. 
Charles developed his argument by indicating that measurements 
have shown that hydraulic fracturing occurs around the piezometer 
when a water pressure is applied that is somewhat greater than 
the minor principal stress in the soil, but much smaller than the 
major principal stress. 	This suggests that hydraulic fracturing 
in a 'zoned dam might occur when the hydrostatic water pressure 
due to reservoir impounding becomes equal to or slightly greater 
than the intermediate principal stress in the core. 	Hence, 
when considering the influence of placement water content on the 
intermediate principal stress in the core, excess pore-water 
pressures set up during construction are of considerable 
importance. 	With a wetter core, excess pore-water pressures 
will be high, effective stresses low and consequently the inter-
mediate principal stress must be close in magnitude to the major 
principal stress. 	With a drier core, excess pore-water pressures 
set up during construction will be smaller and the intermediate 
I 
principal stress may be much smaller than the major principal stress. 
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6.3 THE CAUSES AND TYPES OF CRACKS 
Many factors contribute to the cracking of earth and 
earth-rockfill dams. 	Sherard et al (1963), Leonards and 
Narain (1963), Vaughan (1970, 1976), have reported most of these 
factors. 	Probably the most important of these factors are 
Differential settlement. 
Load transfer and hydraulic fracturing by the reservoir 
water pressure. 
Hydraulic fracturing by borehole fluid pressure. 
High. pressure grouting. 	 - 
Drying. 
Earthquake. 
6.3.1 Differential Settlement Cracks 
When the dam is deformed by differential settlement, 
portions of the embankment may be subjected to excessive tensile 
strains which will lead to the development of cracking. 
Depending on the geometry of the strains imposed, cracks may 
open longitudinally or transversely to the axis of the dam and 
may form in vertical or horizontal planes or in any intermediate 
direction. 
I 
6.3.1.1 Transverse Cracks 
Transverse cracking with the subsequent risk of leakage 
and erosion is the most dangerous type. 	Figure 6.2 shows 
diagramatically an example of a vertical transverse crack which 
results from the excessive tensile strains that develop near 
the crest as a result of differential settlements along the 
longitudinal axis of the dam. . As near the abutments the loads 
are light and the compressible stratum is usually thin, 
accordingly, the settlements are small. 	As the valley floor 
is approached, the settlements increase rapidly. 	A region 
near the abutment and the crest of the dam is subjected to 
tensile strains, the magnitude of which may be sufficient to 
cause cracking. 
Another type of vertical transverse cracking has developed 
due to the differential settlement between the natural foundation 
soil and the rolled-earth support under outlet pipe or other 
discontinuities in the foundation (Figure 6.3..). 
• 	Vertical transverse cracks may develop in a concealed 
position. 	Figure 6.4 illustrates the case where relatively 
short length of an embankment is underlain by a more compressible 
foundation than that which exists under the rest of the dam. 
As a result of this, tension may develop in the lower part of 
/ 
	
	the dam and if the tensile strain is severe cracks may open 




Transverse cracking may also occur horizontally, and 
Figure 6.5 shows the case where arching of the upper portion 
of the embankment can prevent the crest from settling as much 
as the foundation and in severe cases roughly horizontal cracks 
open at the bottom of the arch. 
6.3.1.2 Longitudinal Cracks 
These are less serious than transverse cracks as they do not 
lead directly to erosion of the downstream face and piping. 
In dams with a rolled-earth cut off trench which is much less 
compressible than the natural foundation soil underlying the 
slopes, the slopes will settle more than the crest and longitudinal 
cracking may result as shown in Figure 6.6(a). 	Also in dams 
with cores of rolled-earth and upstream and downstream shells of 
dumped quarried rock, cracks develop near the crest at the 
juncture between the core and the dumped rock section (Figure 6.6(b)). 
Another type of concealed failure has been defined by 
Kezdi (1973) when the toe of the dam suffers an excessive 
displacement due to the insufficient shear strength of the subsoil 
and the dam suffers longitudinal cracks (Figure 6.7). 
6.3.2 Load Transfer and Hydraulic Fracturing by the Reservoir 
Water Pressure 
/ 	
In a zoned dam, arching of the core could cause a large 
portion of its weight to be transferred to the less compressible 
RM 
adjacent fill, so that the total vertical stress in the core is 
much lower than the overburden 'pressure. 	The pore pressure set 
up by the reservoir head might equal or exceed this total stress 
at some depths in the core, thus reducing the effective stress 
to zero - or even negative if the soil can withstand tensile 
stress - and leading to the formation of cracks through which 
piping could occur. 
Hydraulic fracturing is believed to have caused some 
failure to Balderhead and Hyttejuvet Dams and the complete 
failure of Teton Dam. 	A brief description and analysis of these 
cases is given in the following sections. 
6.3.2.1 Hyttejuvet Dam 
Hyttejuvet Dam is a rockfill.dam, 93 metres high. 	It has 
a vertical-sided central core, rockfill shells and thick 
transition zones. 	When the reservoir was filled for the first 
time in 1966 erratic leakage occurred when the water was almost 
at its maximum level. 	It was suggested by Kjaernsli and 
Torblaa (1968) that this leakage was flowing through horizontal 
cracks in the core which opened as a result of hydraulic 
fracturing. 	As shown schematically in Figure 6.8, when the 
reservoir was filled and the pore pressure on the upstream side 
of the core-increased, the effective stresses were reduced to 
1 	 zero and cracks opened up. 	In support of this hypothesis 
Wood et al (1977) reported that 
Lh 
A total earth pressure cell in the core was registering 
a total vertical earth pressure much smaller than the 
overburden. 
I. 
The settlements of the core were much smaller than anticipated 
on the basis of compressibility characteristics of the 
core material. 
6.3.2.2 Balderhead Dam 
Balderhead Dam is a rockfill dam with a narrow, vertical 
earth core and a maximum height of 48 metres. 	It has been. 
deduced that the cracks formed due to arching and hydraulic 
fracturing as the reservoir pressure was applied to the upstream 
side of the core. 	For confirmation of this mode a drawdown 
of 20 ft was sufficient to cause excess seepage to cease, 
indicating that the pressure of the nearly full reservoir was 
necessary to keep the seepage passages open (Vaughan : 1970):. 
6.3.2.3 Teton Dam 
A typical earth dam with impermeable core, 93 metres high 
above river bed and 124 metres above the lowest point in the 
formation. 	The dam failed completely in June 1976. 	It was 
concluded that failure was initiated by a 'pipe' forming through 
the erodible silt core material on the key trench, either due to 
/ 
hydraulic fracturing or flow of water through joints carrying 
away the silt material. 
Fir.] 
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The analysis which was made for several sections through 
the dam near the failure section, showed convincingly that 
hydraulic fracturing could have occurred through the core 
material in the trench when the reservoir water reached the 
highest level it had at the time of failure (Seed et al 	1976). 
A typical section is shown by Figure 6.9. 	In the figure, 
areas where the calculated stress condition would give rise to 
hydraulic fracturing have been' shaded. 
6.3.3 Hydraulic Fracturing by Borehole Fluid Pressure 
The practice of drilling holes into completed sections 
of impervious embankment zones to install piezometers and for 
other purposes has become increasingly frequent in recent 
years. 	Total or partial loss of drilling fluid has often 
occurred, indicating that the fluid has escaped into the 
surrounding embankment througha crack or other channel. Both 
experience and theory indicate that in the majority of cases 
there was probably no open crack in existence before the hole 
was drilled and a crack was formed by the pressure in the bore-
hole fluid,eg, Djatiluhur Dam (Sherard : 1972). 
Figure 6.10shows the distribution of horizontal stresses 
acting on the centre line of a homogeneous dam (Sherard 	1972). 




horizontal stress, which is the minimum principal stress, is less 
than the hydrostatic pressure of water in a borehole drilled 
through the crest. 	However, the author believes that this is 
less likely in clay soils. 
6.3.4 High Pressure Grouting 
Excessive foundation grouting carried out by drilling 
through completed or partially completed embankments is 
undesirable from the standpoint of cracking. 	The grout can 
flow upwards in rock cracks and create high pressure on the 
base of the dam. 	These uplift forces can result in localized 
zones of low embankment stress where cracks can be opened by 
hydraulic fracturing, eg, Shek Pik Dam (Sherard : 1972). 
6.3.5 Drying 
Shrinkage due to drying is an important factor in the 
development of cracks, especially in homogeneous dams of 
clayey soil with no surface protection and in dams which sit 
with empty reservoirs for a considerable length of time in a 
dry climate. 
6.3.6 Earthquake 
Earthquake shocks on embankment dams cause settlement 
and cracking, very similar in pattern and location to the 
differential settlement cracks, so design measures to counteract 
I 
this effect should be considered. 
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6.4 	DESIGN AND CONSTRUCTION MEASURES AGAINST CRACKING 
The literature consulted suggests some defensive measures 
to counteract the development of cracking and some remedial 
measures if cracking has occurred. 	The following is the summary 
of the most important of these measures. 
6.4.1 Defensive Measures Currently in Use 
The Use of a wide transition zone or properly graded filter 
zone of adequate width. 
Using plastic clayto minimise the friction between the core 
and the abutment. 
Compacting wet of optimum moisture content to increase 
the ductility of the clay.. 
Widening the core at the critical places. 
Reducing the deformation of the clay core by compacting to 
the maximum possible degree the rockfill adjacent to the 
core. 
Building the crack susceptible upper section of the dam 
after the settlement of the lower part has taken place. 
Removing, or prewetting and if feasible, preloading the 
/ 	 foundation material if this is subject to collapse of 
structure on wetting. 
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Minimising discontinuities in slope abutment, closure 
section etc. 
Elimination of surface irregularities, created by the wheel 
loads of earth-moving equipment, by scarification of the 
surface before placing the next layer. 
When drilling holes in the cores of darns, procedures that 
do not employ fluid in unàased holes are desirable. 
Filling the reservoir slowly, whenever possible, to permit 
redistribution of stresses and reduce the tendency to 
arching in the core. 
Curving the dam axis slightly upstream, where the site 
permits, so that it can arch horizontally between the steep 
abutment slopes to avoid tension in the impervious zone. 
Protecting dams of clayey soil with layers of gravel and 
rocks, where there is the likelihood of shrinkage cracks 
due to drying. 
Selection of the soil for the impervious core should 
preferably be based not only on its compressive strength, 
but also on its tensile strength properties. 
Making use of the finite element method to compare the 
internal stress and strain pattern within dams of various 
possible designs. 	Such studies assist in the choice of an 
adequate final design. 
/ 
6.4.2 Remedial Measures 
Excavating a narrow trench along the crack to 	depth at 
which the crack disappears and then backfilling with compacted 
impervious material after the settlement of the embankment is 
complete. 	If the crack extends deeper than it is practical to 
excavate an open trench, the lower parts of the cracks can be 
filled with cement grout, either by pouring the grout into the 
crack or drilling holes and pumping the grout in. 
Shrinkage cracks can be repaired by filling, recompacting 
and covering with a protective layer. 
6.5 	CONCLUDING REMARKS 
1. 	Most of the investigators agree on the defensive measures 
against the development of cracks in earth dams. 	However, there 
are some economical and practical factors which limit their 
usefulness; namely 
Changes in construction practices involving the use of 
heavy machinery to reduce the construction time, may make 
it difficult for the machines to work on soils wet of 
optimum. 
The gain in flexibility by compacting wet of optimum may 
/ 	
endanger the overall stability because of the resulting 
loss in shear strength. 
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93. 
At certain sites plastic clay may not be available, so the 
cost involved in transporting it from other sites must be 
justified. 
The cost involved by widening the core should also be 
considered. 
The remedial measures against cracking are costly; 
especially when an interruption of embankment function is 
involved while remedial works are carried out. 
An alternative defensive measure against cracking, by making 
use of the reinforced earth technique, is presented and discussed 
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Figure 6.2 	Schematic Diagram Illustrating Typical Settlement 
Pattern and Associated Cracking 
	
(Leonards and Narain 	1963) 
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Figure 6.3 	Cracking Due to Differential Settlement Between 
Natural Foundation Soil and Rolled-Earth Support 
Under Outlet Pipe (or Any Other Discontinuity in 
the Foundation) 
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(Sherard et al 	1963) 
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Figure 6.5 	Typical Transverse Differential Settlement Cracks 
(Sherard et al 	1963) 
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Figure 6.6 	Longitudinal Cracks 
- -(a) Cracking-Caused by Differential Foundation Settlement 
(b) Cracking Caused by Differential Settlement between 
Embankment Sections of Dumped Rock and Rolled Earth 
(Sherard et at 	1963) 
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Figure 6.7 	Cracks Due to the Horizontal Displacements of the 
Overstressed Weak Subsoil 
(Kezdi : 1973) 
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Figure 6.8 	Outline of the Hydraulic Fracturing Hypothesis used 
to Explain the Development of Cracks in the Core 
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Figure 6.9 	Analysed Dam Section, Showing Computed Values of Normal  
Stress on Transverse Section in KSt(Ktrs/{t") 
(From the Independent Panel Report : 1976) 
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Figure 6.10 	Comparison of Computed Minor Principal Stress on 
Vertical Axis of Symmetrical Elastic Dam with Water 
Pressure in Borehole Drilled Through Crest 
(9!ERARD: un) 
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CHAPTER 7 	LABORATORY INVESTIGATION OF CRACKING OF 
COHESIVE SOILS 
7.1 	INTRODUCTION 
The review of the previous investigations on the mechanics 
of cracking of earth and earth-rockfill dams indicates that a 
crack will open if the tensile strength of the fill is exceeded 
(Vaughan 	1976). 	This makes,the knowledge of the behaviour Of 
soil in tension necessary for adequate design and construction. 
This chapter presents some knowledge of the behaviour of 
soil in tension through the previous studies and the results of 
flexural tests performed on compacted London clay. 
• 	 The flextural test was chosen for the experimental study, 
because it is more likely to predict the cracking of earth dams 
than the other types of tension tests (Leonàrds and Narain 
1963; Rao and Rao : 1972; and Kezdi : 1973). 
7.2 	SUMMARY OF THE PREVIOUS STUDIES 
There are now a variety of techniques which give some 
measure of the tensile strength of soils. 	These include 
The flextural test. 
The direct pull test. 
/ 
	 3. 	The cylinder-splitting test, ie, the Brazilian test 
• 	on ]inally developed for testing rock samples. 
• 	 4. 	The double-punch test. 
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Leonards and Narain (1963) carried out a simple bending 
•test on compacted beams of six different types of soils to 
determine the tensile strain at which different compacted clays 
will crack. 	The effect of water content, compactive effort and 
time on tensile strain at cracking were investigated. 	The 
standard elastic theory was used to determine the stress-strain 
curves for the compacted soil beams. 
Based on their findings, it was concluded that 
At comparable moisture contents,the ability of compacted 
soils to sustain tensile strains decreased with increase 
in compactive effort (Figure 7.1). 
For a fixed compaction energy the flexibility of the soil 
increased with moisture content up to optimum but did not 
increase further for moisture contents from 0% to 3% 
above optimum (Figure 7.1). 
Highly plastic clays are more flexible than clays of low 
plasticity. 
There is an increase in the tensile strain at failure with 
the increase of the test duration (Figure 7.1). 	Hence, 
the importance of avoiding rapid settlement is evident. 
Working towards the same object, Sukije et al (1967) 
/ 	performed a bending test on a small compacted beam of a rectangular 
cross-section. 	Dimensions (20 cm x 5 cm x 5 cm). 	A uniformly 
distributed load was applied and the deadweight of the beam was 
96 
included in the testing load. 	The strains had been derived 
from the photographic recording of the displacements of 
measuring points arranged parallel to the axis of the beam 
(Figure 7.2). 	By extrapolating the resulting strain 
diagrams the maximum strains appearing at the edges of the 
beam were determined. 
Their results prove that the strain plots are 
approximately linear at the appearance of the first tensile 
crack and that the deformation modulus obtained from the strain 
plot differs appreciably from that obtained by assuming equal 
values of tension and compression moduli. 
Narain and Rawat (1970) carried out the Brazilian test 
(the cylinder-splitting test) on six types of soils covering 
a wide range of plasticity characteristics and at different 
moisture contents around the optimum. 
The results of their test show that 
The tensile strength of compacted soils increases with 
an increase in moisture content up to a limit below 
optimum and then it decreases (Figure 7.3). 
Compaction dry of optimum results in a decrease of 
flexibility. 	 . 
An increase of moulding water content from dry of optimum 
to optimum and about 2% wet of optimum increases the 
flexibility of compacted soil, though the tensile strength 
decreases. 
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Fang and Chen (1971) developed both theoretically and 
experimentally the application of the double-punch test to 
cohesive soils. 	In this test, a soil cylinder is placed 
vertically between the loading platens of the test machine 
and compressed by two steel punches located concentrically on 
the top and bottom surface of the cylinder (Figure 7.4). 
Fang and Chen conducted the test on medium plasticity soil 
(LL = 30 P1 = 10). 	Specimens were compacted at different 
energies in a Proctor mould. 	Simultaneously, duplicated 
specimens were made for the cylinder-splitting test. 
The results of their findings, as shown in Figures 7.5 to 
7.8 indicate 
Higher tensile strength for higher compaction. 
Higher tensile strength exists on the dry side of optimum 
moisture content. 
At higher moisture content as density increases the 
tensile strength increases slightly, however, at lower 
moisture content, as density increases the tensile strength 
increases sharply. 
Good agreement between the results of the two tensile 
tests. 
/ 	 Rao and Rao (1972) performed bending, direct tension and 
split tensile tests on a soil (LL46, P120, clay fraction 25) at 
various moisture contents and energies. 	Results as shown in 
Figures 7.9 and 7.10 indicate that for a given compaction, the 
tensile strength increases with moisture content up to a limit 
of 1% to 2% dry of optimum and decreases with further increase 
in moisture content. Also the measured tensile strengths from 
different types of test are all of the same order-of magnitude 
except for the very high values obtained from the beam tests. 
Krishnayya et al (1974) conducted a split tensile test 
to ascertain the tensile behaviour of a compacted, well graded, 
low plasticity soil of the type commonly used as a core material 
in earth dams of Western Canada, Mica till (LL 18.2, P13.5) 
of a Proctor optimum moisture content of 9.2% and maximum 
dry density of 2110 kg/m3  was used for the tests. 	A few 
tensile tests were also performed on Mica till mixed with 6% 
commercial bentonite by weight to study the effect of increasing 
the plasticity of the core material of the darn. 	The mixture 
has (LL42, P120.8) a Proctor maximum dry density of 2010 kg/m 3  
and a Proctor optimum water content of 10.8%. 	All the tests 
were carried but on a strain controlled loading machine. 
The results of their tests indicate that 
1. 	The tensile strength of the soil tested decreases with an 
increase in water content (Figure 7.11). 	On the other hand 
the observed average tensile strain at failure increases with 
the increase in water content (Figure 7.12). 	The increase 
in strain becomes disproprortionately high at water contents 
/ 
	 greater than optimum. 	This disagrees with the results of 
bending tests obtained by Leonards and Narain (1963), which 
indicate that little improvement in flexibility results by 
increasing water content from optimun to 3% wet of optimum. 
The tensile strength increases with the compactive 
effort for water content below optimum and decreases slightly 
with compactive effort for water content above optimum 
(Figure 7.13). 
The addition of bentonite increases the tensile strength 
(Figure 7.14). 	The tensile strain at failure increases with 
water content at failure both for Mica till and Mica till with 
bentonite (Figure 7.15). 	However, the increase in failure 
	E 
strain is more rapid in the case of Mica till for water contents 
greater than optimum. 	To achieve the required flexibility, 
the soil mixed with bentonite requires a higher percentage 
of water than that needed for a Soil without bentonite. 
The effect of rate of loading on the tensile strength and 
on the observed average tensile strain is shown in Figures 7.16 
and 7.17 for water cont ?nts at 9% and 10.4%. 	Both the tensile 
strength and the strain at failure attain minimum values at 
certain rate of loading depending on the water content at 
failure. 
Recently the results of an intensive study of the stress-
strain behaviour of Gault clay (LL73.. P136) and Balderhead 
clay (LL34, P114) have been reported by Ajaz and Parry (1975a). 
Bending tests, compression tests and load controlled and strain 
controlled direct tension tests were carried out. 
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In the bending tests, the Cambridge radiographic technique 
using an embedded grid of lead shot was used for monitoring 
the strains within the compacted beam as shown in .Figure 7.18. 
The body forces were partially counteracted by immersing the 
sealed specimen in brine. 	As shown in Figure 7.19 the 
deflection due to self weight of the beam, is small (about 2% 
of the total deflection under failure load) when it is immersed 
in brine. 	Stresses correspon'ding to the measured strains and 
applied bending moment were determined by three different 
methods, ie, the elastic bending method, the direct method and 
the differential method. 	A comparison of the three methods is 
given by Ajaz and Parry (1975b). The differential method is 
considered to be superior to the other two methods since it is 
not based on any preferred stress-strain law. The extreme 
tensile and compressive stresses z 	 and a 	 respectively by 
this method are 
I 	 M' b 	
b( b 
	b2 
G = 	 b 	cc + Et) 
cc +ct 	 d2 
1 	 a 	NI 
01 	ceb + ctb 	36b 	
(J + ctb ) 2 1 
where M Is- the applied bending moment, c c b and c b are the 
extreme compressive and tensile strains, b is the width and d 
is the depth of the beam. 	The partial differentiation is done 
by graphical means. 
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The following are some of their conclusions 
In bending tests the average strains are linearly 
distributed over the beam depth as shown in Figure 7.20. 
Similar results were obtained by Suklje et al (1967). 
Beam failure occurs near mid-span in tension and not in 
shear. 
The tensile strains at failure increase with increase in 
moisture content for both clays and irrespective of the 
type of the tension test. 	The increase being less for the 
more plastic clay as indicated in Figure 7.21. 
At comparable moisture contents the direct compressive 
• strength of the two clays is much higher than the flexural 
or direct tension strength as shown in Figures 7.22 and 
7.23. 
For the same moisture content the flexural tensile strength 
of both clays is higher than direct tensile strength 
(Figures 7.22 and 7.23). 	For the ranges of moisture 
content considered the ratio of the flexural strength 
to direct tensile strength for Gault clay is between 1.3 
and 1.6 and for Balderhead clay it is between 1.7 and 1.8. 
[1 
7.3 	EXPERIMENTAL DETAILS 
7.3.1 Preparation of Specimens 
Some London clay (classification and compaction tests 
results 	Table 4.3) Was oven-dried and ground mechanically. 
It was then mixed at various moisture contents around the BS 
optimum moisture content for light and heavy compaction. 
Each clay-mix was allowed to stand in an airtight bag for two 
days prior to use. 	Specimens were moulded in the form of 
beams each 35 cm long and 5 cm x 5 cm cross-section. 	The 
moulded beam was immediately coated with wax to protect it 
against loss of moisture content, and was placed in an airtight 
bag for one day before testing. 
7.3.2 Compaction Mould 
• • 	 Plate 7.1 shows the compaction mould which was made of 
stainless steel. 	The thickness of the base was F' and the 
thickness of the •sides was *". 	As shown in Figure 7.24 
the internal dimensions of the mould were 35 cm x 5 cm x 5 cm 
and the four sides could be rigidly held to the base by means 
of eight screws and could easily be removed after releasing the 
screws. 	The internal surface of the compaction mould was 
oiled prior to placing of the soil so as to insure easy 
removingof the moulded beam. 
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7.3.3 Method of Compaction 
The clay-mix was placed in the mould and the compaction 
was carried out statically by means of the concrete crushing 
• 	machine, as shown in Plate 7.2, in four equal layers to a pre- 
determined density. 	The predetermined density was equivalent 
to either BS maximum dry density, 2.5 kg Ramer method or 4.5 kg 
Rammer method. 	This was determined by obtaining the dry 
density 	from the standard compaction curves (Figure 4.5) 
for the exact moisture content of the clay-mix and from the 
standard compaction equation the exact weight of the clay was 
determined for the known volume, ie 
W = 	d1 + rn)V 
where 	
Yd = dry unit weight 
W = total weight of moist compacted soil 
. V = volume of the mould 
m = moisture content of moist compacted soil 
One fourth of the determined weight of the clay was placed 
inside the mould and was compacted to give exactly one fourth 
of the height of the beam and this was repeated successively 
for each of the other three fourths. 	The exact height was 
determined by applying the load through a piece of wood - 
/ 	dimensions 30 cm x 4.5 cm x 8 cm - which was marked at 
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four places along its sides, so that each mark would coincide 
with the edge of the mould to give exactly a height equivalent 
to one fourth of the height of the compacted beam (Figure 7.25). 
7.3.4 Method of Testing 
A U-shaped bending test frame, with a clear distance of 
30 cm between the two rounded-head ends, was made of " thick 
stainless steel (Figure 7.26). 	The frame was rigidly fixed 
to the lower plate of the compression test machine (normally 
used for triaxial and C.B.R. tests) by means of two screws as 
shown in Plate 7.3. 
The compacted beam was placed on the bending test frame 
and a simple two-point loading system was employed with the 
two loading points 15 cm apart as shown in Figure 7.26. 	Rubber 
packing strips were positioned below the ends of the beam and 
below the loading points to distribute evenly the applied load 
(Bofinger and Sullivan.: 1971.).. 	Three dial gauges each 	- 
capable of reading 0.0001 in,were positioned, one each under 
the two loading points and the third under the centre of the 
beam to monitor the deflection. 
The load was applied at a constant rate of strain of 0.225 mm 
per minute. 	Dial gauge readings were recorded for every 0.5 kg 
loading approximately, until the initiation of cracking which 
I 
was monitored visually. 
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After failure of the beam three samples at different 
depths of the beam were taken for moisture content determination. 
7.4 	THEORETICAL ANALYSIS 
The standard elastic theory was used to determine the 
stresses and strains for the compacted soil beams. 	This theory 
is based on the following assumptions 
Plane sections remain plane after bending. 
Young's modulus has the same value for the material 
in tension as in compression. 
 Stress 	is linearly proportional 	to strain. 
 No creep during the test. 
7.4.1 Stress Analysis 
The extreme fibre stresses were calculated from the 
elastic bending equation, ie, 
a- 6M 
bd 
where a= extreme fibre stresses 
M =.bending moment 
b = width of the beam 
d = depth of the beam 
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As shown in Figure 7.27 the bending moment was produced 
by the self weight of the beam plus the applied force, ie, 
WL2 N  = 
	+ Pa 	 (7.2) 
where W = weight of the beam/unit length 
L = length of the beam 
P = one of the two applied loads - each at distance 
a from the end of the beam 
7.4.2 Strain Analysis 
Because. of the practical difficulty in counterbalancing 
the self weight of the beam or monitoring the deflection due 
to the self weight, the strains were determined from the 
observed deflections due to the applied load only. 	The error 
due to this seems small, because from the results reported by 
Ajaz and Parry (1976) as shown in Figure 7.19, the deflection 
due to the self weight of a beam (245 m long and 51 mm x 51 mm 
cross-section) is about 4% of the total deflection at failure. 
The maximum deflection of a simply supported beam loaded 
by two symmetrical forces as shown in Figure 7.28 is given by 
the following equation 
/ 
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A = PL3 ( 38 	4a3 
24E1 	L 
(7.3) 
where A = deflection of the beam 
L = length of the beam 
P = one of the two equal applied loads - each at 
distance a from the end of the beam 
E = Young's modulus 
bd3 
Tz-= 	= moment of inertia of the beam 
The strain e = 2 	 (7.4) 
E 
6Mu 
and 	a=-4 	 (7.5) 
bd" 
= applied moment due to the applied load, ie, M 1 = Pa. 
Eliminating E, a, P and M1 the following equation could 
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7.5 	TEST RESULTS 
7.5.1 Mode of Failure 
(i) 	In most cases cracking was observed to occur at or near 
mid span (Plate 7.4), where the bending moment is maximum. The 
symmetry of the typical deflection curve (Figure 7.29) confirms 
this mode of failure. 
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(ii) 	The tensile stress-strain curves as illustrated in 
Figures 7.30 and 7.31 show a characteristic brittle fracture 
with no plasticity at failure, especially for the more heavily 
compacted soil 
7.5.2 Effect of Moisture Content 
The variation of the tensile strength with moisture 
content is shown in Figure 7.32 for light compaction and for 
heavy compaction. 	In both cases the tensile strength 
increases with moisture content up to optimum for light 
compaction and 1.8% wet of optimum for heavy compaction and 
then decreases with further increase of moisture content. 
The tensile strain at failure increases with moisture 
content for both -compacti-ve efforts- (Figure 7..33) 	Similar 
behaviour was reported by Ajaz and Parry (1976). 
7.5.3 Effect of Compaction 
At comparable moisture contents with respect to optimum, 
the tensile strength increases substantially with the compactive 
effort (Figure 7.32), while the tensile strain at failure 
decreases with the compactive effort (Figure 7.33). 
7.6 	CONCLUDING REMARKS 
There are two main objectives for carrying out the bending 
test 
(1) 	By testing several beams prepared at various moisture 
contents and with various compaction energies, the tensile 
bending stresses and the resulting critical strains at failure 
can be plotted against moisture content for different compaction 
energies. 	A family of such plots can be used to select a 
suitable moisture content and density of a clay that has to 
form the clay cores of zoned dams or the high tension zones in 
homogeneous dams. 	However, the minimum shear strength 
requirement for the fill material should also be satisfied. 
(ii) 	When the site conditions are expected to induce tensile 
stresses and strains in an earth dam and the tensile behaviour 
of the soil forming the fill, as determined from the beam test, 
is not satisfactory, defensive measures should be taken. 
• 	A proposed defensive measure by the inclusion of fabric to 
• 	accommodate these tensile stresses and strains is presented and 
discussed in the following chapters. 
The proposed technique, for carrying out the bending test, 
is simple and easy to perform. 	Only very simple equipment is 
needed in addition to the compression test machine. 
/ 	3. 	From the results presented in Table 7.1 it is possible to 
• 	draw the following general conclusions regarding the behaviour 
• 	of soils in tension 
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Standard Proctor Compaction 	 Modified ASH0 Compaction 
Soil Source IL % Pt 	SG 	Type of Test Optimum Optimum Tensile Tensile M/C of Optimum Optimum Tensile Tensile K/C of Reference 
K/C S 	Dry 	Strain Strength 	the 	M/C S 	dry 	Strain Strength 	the 
Densi at. 	at lest S Density at 	at ' lest t 
kN/m
ty 
	Failure 	Failure 	 kM/rn 	Failure 	Failure 
S 	 Kt4Jrn 
0' 
Limestone 	72 	45 	2.75 	 25.9 	15.08 	0.26 	189.61 	Opt 	17.5 	17.28 	
0.12 	263.63 	Opt 
Indiana 
Portland 
Dam 	 29 	8 	2.74 	Bending Test 	16.3 	17.60 	0.l7 	55.16' 	Opt 	
5. 
:2 








non-plastic 	2.65 	 11.2 	18.85 	007 	39.30* 	Opt 
Willard Dan, 	31 	11 	2.72 	 16.4 	17.28 	0.20 	44.82' 	Opt 
30 	10 	 Double Punch 	17 	16.5 	 34.48 	
2 Dry . 	16 	16.89 	 52.4 	
4.5 Dry Fang- and 
Net 
Reported 	 Test 	i 
of Opt of Opt 	then (1971) 
Nice Till Split Tensile 







46 	20 	 Bending 	25 	15 	 132.44 	
2 0')' 	
18.5 	16.28 	 284.49 	
4 ury 
Soil 	 of Opt 
of Opt 
n C fl. 
- 	Dry 	 156.96 • 	Direct Tension 	 93.20 	of Opt of Opt 
- 	 1 	Cry 	 117.72 	
0.5 Dry 
Briquette 	 83.39 	of C-pt . of Opt 	52 	 0 
• 	 Cu5e Diagonal 73 	
2 Dry 	 139 30 	
1.5 Dry 
• Split Test 	 of Opt ofOpt 
Cylinder 	Split - 	.63.77 	 1)7.72 	
0:500ny
of Opt Test 
Cube Side 58.86 	
2 Dry 	 119.68 	Opt 
Split Test 	 of Opt 






Balderhead 	34 	14 	2.71 	'2niied.13 	20.3 	• 0.15 	13! 	of Opt Clay
• 	 T;nsicr. Test 	 2 Dry .75 • Load-Controlled 0.1 	. 	 of Opt 
Direct lension 	 2 0"- 	 - 	 - 
GaUlt Clay 	73 	39 	2.75 	Ti-st Load- 	24.6 	15.05 	0.18 	' 	of Opt . • 	 - 	ControNed - 
• 	 Eeding Test 	 0.6 	
2 Dry 
Load-Controlled - 	 . of Opt 
• 	 Tension Test 	 - 	0.1 	
2 Dry 	
- 
StrainCentrolled 	 of Opt  
• 	London Clay 	69 	40 	2.72 	Bending Test 	20 	14.61 	0.33 	142 	Opt 	17.2 	17.18 	0.21 	272 	
1.8 Ue.t.q0s72 
Strain'-Controlled 	 0, 	j. - - ' . - 
Note 	The tensile strength values given in this table are the maximum values; except for those assigned (*) 
the maximum values have not been reported 
Table 7.1 	Summary of Some of the Results- of Tension Tests 
(1) 	Soils of high plasticity are, in general, more flexible 
than soils of low plasticity. 
Most of the soils tested attain maximum value of tensile 
strength on the dry side of optimum. 
There is a considerable difference in the values of the 
tensile strength of the soil when tested by different methods. 
Very high values have been obtained from the bending tests, 
especially when the stresses have been determined by the simple 
bending theory which assumes similar elastic behaviour in 
tension and compression. 	This assumption seems incorrect for 
soils, because the results reported by Suklje et al (1967) and 
Ajaz and Parry (1975) prove that the deformation modulus obtained 
from the strain plot differs from that obtained by assuming 
equal values of tension and compression moduli. 	Nevertheless, 
the author believes that the results determined by the simple 
bending theory can give a useful guide to the behaviour of 
compacted soil in tension with respect to the influence of 
moisture content and compactive effort. 
The three highly plastic clays, namely, Limestone clay, 
Gault clay and London clay, have similar properties. 	When 
these clays are compared, London clay and Limestone clay yield 
tensile stresses and strains at failure of approximately the 
same magnitude, but differ appreciably from Gault clay. 	A 
I 	
possible explanation is that in the case of London clay and 
- 	 112 
Limestone clay the results were determined by  the elastic 
bending theory, while for Gault clay they were determined by 
the differential method which is not based on any stress-strain 
law. 
4. 	Very little work has been done on time effects in tensile 
tests (Leonards and Narain 	1963). 	Hence, this aspect merits 
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Figure 7.3 	Tensile Strength, Dry Density, and Moulding Water 
Content for Soils Studied 
(Narain and Ravat : 1970) 
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Figure 7.4 	Apparatus for Double-Punch Tests 














Figure 7.5 	Molded Dry Density Versus 





95 	I 	 I 
8 12 	16 	20 




I— 	 100 	110 
Molded Dry Density, PCF 
Figure 7.6 	Tensile Strength 
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Figure 	7.7 	Tensile Strength Versus 
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Figure 7.9 	Comparison of Tensile Strengths Measured by 
Different Tests 	Standard AASHO Compaction. 
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Figure 7.10 	Comparison of Tensile Strengths Measured by Different 
Tests 	Modified hASHO Compaction 
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Figure 7.18 	Bending Test Arrangement 
(Ajaz and Parry 	1975) 
point A shows deflection 
of beam under self weight 
point B shows deflection 
of beam due to self weight 









0.5 	1.5 	2.5 
DefleCtion in mm 
Figure 7.19 	Plots of Bending Moments against Beam Deflection 
for Gault Clay 
(Ajaz and Parry 	1976) 
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Figure 7.20 	Typical Strain Distribution Along Beam 
(Ajaz and Parry : 1975) 
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Figure 7.21 	Change in Tensile Failure Strain with Moisture 
Content 	(a) Gault Clay; (b) Balderhead Clay 
(Ajaz and Parry : 1975) 
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Figure 7.25 	Method of Compaction 
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Figure 7.27 	Bending Moment Diagram 
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Figure 7.29 	Measured Deflections of a Beam with Moisture 
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Figure 7.30 	Tensile Stress - Strain Curves (Light Compaction) 
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Figure 7.33 	Effect of Moisture Content and Compaction on Tensile Strain 
at Failure 
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Plate 7.2 	Concrete Crushing Machine used for Compacting Soil Beams 
Plate 7.3 	Test Arrangement in the Compression Test Machine 
Plate 7.4 	Failed Beam Specimen of London Clay 
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CHAPTER 8 CONTROL OF CRACKING OF EARTH AND EARTH-ROCKFILL DAMS 
BY USING FABRIC REINFORCEMENT 
_8.1 	INTRODUCTION 
This chapter attempts to evaluate the forces that cause 
cracking of earth and earth-rockfill dams and to study the 
possibility of using fabric reinforcement to absorb these forces 
and control the development of cracking. 
8.2 	CREST CRACKING 
As stated in section (6.3.1), tension cracks may occur at 
the crest of a dam due to tensile strains and stresses associated 
with the differential settlement along the longitudinal axis of 
the dam (Fig 6.2). 
Leonards and Narain (1963) have developed an approximate 
theory to calculate these tensile stresses and strains. The model 
selected for the approximate analysis consists of a beam having a 
known vertical boundary deflection. In addition, the following 
assumptions have been made:- 
The dam is constructed of homogeneous, isotropic material 
that obeys Hooke's Law. 
The base and crest of the dam lie initially in horizontal 
I 
planes, and the trapezoidal cross section can be replaced 
by an equivalent, constant rectangular section of equal 
height (plane stress conditions with constant body forces). 
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Along the two lines where the crest of the dam makes 
contact with the abutments, the displacements in the 
horizontal and vertical direction are zero. 
Shear stresses at the base of the dam (whose resultant 
are zero) have a negligible influence on the magnitude 
of the strains at the crest of the dam. 
The stresses caused by impounded water are of secondary 
importance in the development of longitudinal tensile 
strains at the crest. 
The settlement of the crest is known ie estimated or 
observed. 
Derivation of Equations:- 
For two-dimensional plane stress conditions with constant 
body forces, the basic equations are: 
1. 	Equilibrium. 
3c 	T. -+ xy=o 	 (8.1) 
ax 	as' 
+ 	xy = 
	 ( 8.2) 
ay 	ax 





6y  Dy 
= - 	 (8.4) 
BuBy 




ex  = -   -(c - va,) 	 (8.6) 
- (cia, - ucr) 	 (8.7) 
(8.8) 
Compatibility of strains 	 I 
a 2 F- 	.B 2 s 	B2 
X/ 	 (8.9) 
By 	Bx 	BxBy 
Combining equilibrium and compatibility requirements 
(Equations 8.1, 8.2 and 8.9) and introducing the Airy stress 







(8.10) 77 ay 
=14 (8. 11) 
y ax 
2 
TV 	 (8.12) 
BxBy 
gives Maxwell's biharmonic equation 
4$ + 2a4B410 	(8.13) 
ax 	axay 	ay 4. 
A solution to equation (8.13) is required to satisfy the 
following boundary conditions: 





where H = height of dam 
vj 	=u] 	=0 
x=O,2L 	x=O,2L 
y= 0 	y= 0 
where u = displacement in x direction 
v = displacement in y direction 
2L = length of the dam 





A convenient way to represent the irregular settlement curve 
mathematically is to find, by harmonic analysis, the Fourier 
coefficients of the series (in the interval 0 to 2L). 
ao 
= f(x) = 	
+ nl 
(ancoscix + bnsinax) 	(8.18) 
in which a = nTr 
Thus, the boundary condition expressed by equation (8.18) can 
be established from the known settlement pattern. To use this 
boundary condition, a solution to equation (8.13) was sought in 
the general form of 
$ = 	(AO5aX + Bnsinctx) F(y) 	 (8.19) 
n= 1 
Substituting equation (8.19) into (8.13), and introducing 
the boundary conditions, the stress function:- 
= 	
nl (a




sinhctH + aHcoshcd-I in which 	= 	
czHsinhaH 
From the definition of the Airy stress function (equations 
(8.10 - 8.12)1 and the relations given by equations (8.3) through 
(8.8), equation (8.20) represents a complete solution for the 
stresses, strains and displacements. In particular the longitudinal 
strain and stress are given by the following expressions:- 
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= 	
(acosctx + bsinctx) 	coshcty + 	asinhczy 
	
+ (1 









coshcty - ai sinhay) 	 (8.22) 
As the tensile strains and tensile stresses are maximum at 
the crest of the dam (y = 0) 
cz2 sinhaH 
= - H 	sinhczH + aHcoshal-( } (acosctx + bnsinctx) (8.23) 
ax  == - HE X I sinhaH+ 	oshaH (ancosax+bnsinax) 
(8.24) 
Leonards and Narain found good agreement between the tensile 
strains calculated by equation (8.23) and the observed tensile 
strains for two dams which have developed cracks (Table 	6.1). 
8.2.1 Desiqn Method 
In the zone of tensile stresses horizontal reinforcement can 
be included to take these stresses. Neglecting the tensile strength 
of the soil and checking for the following two possible modes of 
failure:- 
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Check against failure by fracture of the reinforcement 
The tensile strength of the reinforcement per unit width (T 1 ) 
must be greater than the cracking force per unit width (Tc) 




where T = OXM 
	
(8.26) 
and AH : the vertical spacing of the reinforcement 
the maximum tensile stress calculated by equation (8.24) 
or evaluated by the finite element method as suggested 
by Covarrubias (1969) 
Check against bond failure of the reinforcement 
Asthis reinforcement would be near the top surface, very 
little overburden pressure would exist to develop bond strength 
• 	between the soil and the fabric (the adhesion values between the 
fabric and soil Tables (4.4 - 4.6)). Consequently the need for some 
form of anchorage would have to be investigated. 
8.2.2 Illustrative Example 
• 	Rector Creek Dam (Fig.8.1) has developed important 
/ • vertical transverse cracks (Leonards and Narain : 1963). The 
maximum tensile strain calculated by equation (8.23) and the 
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observed tensile strain have almost the same value (Table : 6.1) 
ie 
Ex = 2.4 x l0 
The modulus of elasticity (E) Of the soil, measured in beam tests, 
was approximately 19 MN/m 2 . 
Hence the maximum horizontal stress 	near the crest could 
be expected to be: - 
a = 	= 2.4 x 10 	x 19 x 10
3
= 45.6 kN/m2 
Substituting in equation (8.26) the cracking force per unit width 
TC = GxAH = 45.6 x 0.5 = 22.8 kN/m forAH = 0.5 m. 
From equation (8.25), and allowing for a factor of safety 
of 1. 5, 
T 	I 
I 22 . 8 
Therefore, T1 = 34.2 kF4/m 
eg such strength could be provided by the woven fabric 'Terram' 
W/5.5 - 5.5. 
/ 
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8.3 	INTERIOR CRACKING 
Although interior cracks can not be observed directly, 
performance and exploratory holes in a number of dams provide 
evidence that dams can crack internally (Sherard 	1972). Figs 
(6.4) and (6.7) show such types of cracks. Finite element analysis 
can be used to evaluate the tensile stresses and strains which 
cause these cracks and their location (Covarrubias 	1969). A 
design procedure similar to the one in the previous section can be 
applied. In addition, unlike crest cracking, the normal pressure 
might develop a good bond strength between the soil and the fabric. 
8.4 	HYDRAULIC FRACTURING AND PIPING 
As stated in section (6.3.2), in dams with a central clay 
core, arching of the compressible core may occur between the more 
rigid upstream and downstream shoulders with the result that the 
values of total vertical stress in the core may be less than the 
conventional overburden pressures. Assuming the soil is unable to 
withstand tension, horizontal cracks will develop at elevations 
where the total vertical stress is less than the pore water pressure 
created at the upstream side of the core when water is impounded 
in the reservoir. 
le Yw 1w > ± v 
where 	= unit weight of water 
hw = water pressure head 
ov = normal vertical stress 
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Hence, the pressure which causes cracks (Pc) 
P C  =y w h  w - 	
(8.27) 
Theoretically it would be possible to include fabric reinforcement 
in the core to withstand such negative effective stresses but the 
practical difficulty of placing sheets of fabric vertically in the 
core would have to be overcome. Possibly a simpler use of fabric 
in this context would be to provide a layer on each side of the core 
to prevent piping, or erosion of fine soil particles, into the 
adjacent coarse soil or rockfill shoulders. 
8.4.1 Desiqn Method 
To ensure that the vertical reinforcement is effective in 
inhibiting the development of cracks, two modes of failure must be 
checked:- 
1. 	Check against failure by fracture of the reinforcement 
Equation (8.25) should be applied with the cracking force 
per unit width (Tc):_ 
TC = P cAx = 	w1 w - us,) Ax 	 (8.28) 
where Ax = the., horizontal Spacing of the reinforcement. 
/ 
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2. 	Check against bond failure of the reinforcement 
The length (L) extending beyond the cracking zone is assumed 
to be effective in preventing bond failure. Hence, the factor of 
safety:- 
 (ahtan + C)2L 	 (8.29) 
where 
G h
= horizontal pressure 
C = cohesion of the soil 
= angle of internal friction of the soil 
8.4.2 Illustrative Example 	 - 
The failure of Teton Dam has been described and discussed in 
section (6.3.2.3). Fig (6.9) shows the hydrostatic pressures and 
the normal stresses as evaluated by means of finite element method 
From the figure:- 
	
Ywhw = 5.7 ksf 	= 273.03 kN/m2 
= 3.3 ksf 	= 1-58.07 kN/m2 
Assuming Ax = 1 m, F = 1.5, and substituting in equation (8.28) 
T=(273.O3 - 158.07) x 1 = 114.96 kN/m 2 




 = 114.96 x 1.5 	 = 172.44 kN/m 
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eg such strength could be provided by the woven fabric 'Terram' 
W/20 - 20. 
For check against bond failure substitute in equation (8.29) 
Assuming: - 
0.3 
From the analysis minimum value of av = 2.9 ksf = 138.91 kN/m 2 
C = 0.125 ksf 	= 5.99 kN/m2 
 
Ft-300-and tan =Q.577 
and taking 	F = 1.5 
Therefore 	
1.5 = (138.91 x 0.3 x 0.577+ 5.99)2L 
114.96 
and L = 2.9 m 
In addition, the use of fabric in this problem to prevent 
piping or erosion of fine soil particles is quite obvious. 
8.5 	CONCLUDING REMARKS 
1. 	From the examples presented in this chapter, there is some 
indication of the feasibility of using fabric reinforcement 
/ 
to resist cracking. 
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2. 	The investigation of tension zones by means of the finite 
element method will provide the guidelines for designing 



















Figure 8.1 	Rector Creek Dam 	Profile and Crest Settlement 
at Cracking 
(Leonards and Narain 	1963) 
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CHAPTER 9 	ANALYSIS BY MEANS OF THE FINITE ELEMENT METHOD 
9.1 	GENERAL 
- 	 Since the late 1950's, the finite element method has been 
developed simultaneously with the increasing use of high speed 
digital computers and with the growing emphasis on numerical 
methods for engineering analysis. 	Problems involving complex 
material properties and boundary conditions, necessitate the 
employment of the numerical methods, among which the finite 
element method has proved to be the most versatile. 
	
The finite element analysis was first introduced into 	-- 
geotechnical engineering by Clough and Woodward (1967). 	In their 
pioneering paper they have presented the results for static 
stresses and deformations within homogeneous embankments using 
both single lift loading and an incremental loading procedure that 
simulated approximately the actual construction histroy. 
Finite element analyses have also been used to study 
stresses and strains in earth dams for the purpose of locating 
areas of tensile stress and strain and the conditions which are 
more likely to lead to the formation of cracks by Lee and 
Shen (1968), Covarrubias (1969) and Strohm and Johnson (1971). 
The likelihood of hydraulic fracturing in dams has also 
been investigated by means of the finite element method by 
Kulhawy et al (1976). 
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The present finite element investigation is directed 
towards the following 
Evaluation of stresses and strains in earth embankments, 
similar to the work of the previous investigators. 
Evaluation of stresses and strains in earth embankments, 
after the systematic inclusion of high tensile material 
within the embankment and in the high tension zone areas. 
Comparing the results, to assess the effect of the high 
tensile material on the internal stability of the embankments. 
9.2 	ASSUMPTIONS 	 I 
The following assumptions were made for the finite element 
analysis 
Soil is assumed to be linear elastic, homogeneous and 
isotropic. 
The actual three-dimensional system is represented as a 
two-dimensional strain problem. 
Stresses result only from the weight of the embankment. 
Stresses produced by reservoir water and seepage through 
the embankment are not considered. 
For the longitudinal section, the embankment is assumed to 
be built in aV-shaped valley whose walls are rigid and 
rough (ie, no sliding between embankment and valley walls). 
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For the traverse section, the embankment is assumed 
to rest on a horizontal rigid surface or a compressible 
layer which is underlain by a rigid base. 
Single lift loading is assumed in cases of the 
longitudinal section of the embankment and the transverse 
section of the embankment on compressible foundation. 
In the case of the transverse section on a rigid foundation 
both single lift loading and incremental loading are 
considered. 
The weight of the reinforcement is negligible. 
Perfect bonding is assumed between the soil and the 
reinforcement. 
9.3 FINITE-ELEMENT PROGRAM 
Triangular elements were used for the soil embankment and 
plane truss members for the reinforcing sheets. 	Due to 
symmetry only one half of the assumed sections was considered. 
The computer program used was STRUDL (Logcher et al 	1972) 
which is part of the standard ICES package. 	The program was 
developed at the KI-T and implemented on the IBM system at the 




9.4 	INCREMENTAL AND SINGLE LIFT LOADING PROCEDURES 
In the case of incremental loading the embankment is 
considered to be constructed in horizontal layers all having 
the same properties. 	In the analysis, therefore, forces, 
stresses and strains are calculated due to the weight of each 
layer of elements as it is added to the mesh. 	The sequential 
superposition of the incremental values leads to the final state 
of forces, stresses and strains after the construction has been 
completed. 	In the single lift loading, which is less realistic, 
the entire finite element mesh is subjected to all body forces 
simultaneously.  
9.5 	MATERIAL PROPERTIES 	. 
9.5.1 Soil 
The soil properties used for the different cases which 
have been investigated are shown in Table 9.1. 	Similar 
properties for soil embankments were assumed by Clough and 
Woodward (1967), Rutledge and Gould (1972) and Lefebvre et al 
(1973). 	. 
Furthermore, in cases (2) and (3) after determining the 
tension zone, the horizontal modulus of elasticity (Eh)  was taken 
to be zero 1n the tension zone area, thus approximately 
I 	





1 	Transverse section of 
embankment on rigid 
foundation 
2 	Transverse section of 
embankment on highly 
compressible foundation 
3 	Longitudinal section of 
embankment on rigid 
foundation 
Embankment 	Foundation 
E 	 y 	E 	y 
kN/m2 p kN/m3 kN/m2 p kN/m3 
	
10000 0.4 	20 	Rigid 
10000 0.4 	20 	1000 0.4 	0 
10000 0.4 	20 	Rigid 
Table 9.1 	Soil Properties 
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9.5.2 Properties of Reinforcing Sheets 
The properties of the reinforcing sheets used in the 
analysis are shown in Table 9.2. 
Material No 	E 
2 	1A 
kN/m mm 
1 	 106 	0.35 
2 	 10 	0.35 
Table 9.2 	Properties of Reinforcing Sheets 
Some fabrics have similar properties to that of material 
No (1), ie, ICI Fabrics 'Terram' W/20-20 and 'Terram W/5.5-5.5 
(Fabrics for Civil Engineering 	1977). 
9.6 	CASES STUDIED BY FINITE-ELEMENT ANALYSIS 
9.6.1 Transverse Sectionof Embankment on Ricjid Foundation 
A transverse section of an embankment with side slopes 
1:1 was considered. 	The finite element idealization is shown 
in Figure 9.1. 
The program was run as follows 
/ 
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Without reinforcing sheets; assuming : (a) single lift 
loading, (b) incremental loading. 	Each lift 3 metres 
high and the top lift 2 metres high. 
With 19 horizontal reinforcing sheets, spacing 1 in 
vertically and assuming single lift loading and 
incremental loading similar to the previous case. 
With the top four reinforcing sheets removed leaving 15 
horizontal sheets, material (1). 	Single lift loading 
assumed. 
With the top six reinforcing sheets removed frqmcas_2), 
leaving 13 sheets, material (2). 	Single lift loading 
assumed. 
The results of the analysis indicate the following 
1. 	In running the program with all the layers reinforced with 
material (1), the reinforcing sheets take tensile forces, except 
the top four sheets and the sheets very near to the slopes which 
take compressive forces. 	In the case of reinforcing with 
material (2) the reinforcing sheets take tensile forces except 
the top six sheets and the sheets very near to the slopes which 
take compressive forces. 	On removing the sheets which are in 
compression, as compression can be taken by the soil, and running 
the program again the tensile forces in the reinforcing sheets 





• 	 . 
• 	
. 
Reinforcement Material 	(1) 
Single Lift 	Incr!I;ental 
Maximum 	Maximum 	Maximum 
Force Force Force 
kN/m 	kN/m 	kN/m 
Reinforcement 






1 -1.70 -0.24 -4.70 
2 -1.71 
0 
> 0.49 -4.70 
3 -1.20 
0 
E 0.73 -4.43 -o 
4 -0.74 0.67 -3.22 
a) 
5 0.28 0.26 1.61 -1.51 
E 
6 1.25 1.22 1.12 -1.25 
7 2.13 2.10 1.87 8.21 7.81 
8 3.10 3.08 3.06 14.20 13.75 
9 3.88 3.85 3.23 19.25 18.97 
10 4.65 4.66 4.15 	. 24.83 24.73 
11 5.19 5.22 4.48 29.46 29.45 
12 5.64 .5.67 5.39 33.62 33.69 
13 5.81 5.84 5.57 36.10 36.21 
14 5.83 5.86 • 	 5.69 37.81 37.98 
15 5.56 5.61 5.52 37.42 37.63 
16 	• 5.09 5.15 5.04 35.43 35.64 
17 4.28 4.32 4.28 .30.80 31.01 
18 3.21 3.24 	• 3.26 23.81 23.98 
19 .1.78 1.81 1.78 13.63 13.73 
ye sign means compression 
+ ye sign means tension 
Table 9.3 	Maximum Force in the Reinforcing Sheets 
/ 
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arrangement of the reinforcing sheets in the latter case. 
The comparison of the forces taken by the reinforcing 
sheets due to single lift loading and incremental loading is 
also shown in Table 9.3. 	The difference in forces taken by the 
reinforcing sheets is only significant in the top ones; 
particularly the top four which are in compression in the case of 
single lift loading while in the case of incremental loading 
only the top sheet is in compression and the maximum value of the 
compressive force is very small, ie, 14% of that of the top sheet 
in the case of single step loading. 
Each reinforcing sheet has a maximum value of tensile force 
at the centre (Figure 9.3). 	Greater tensile force is developed 
by the stiffer material. 
The horizontal tensile strain is substantially reduced with 
• 	 the inclusion of the reinforcement as shown in Figure 9.4. 
Greater reduction is achieved by the stiffer material. 
On comparing the maximum horizontal tensile strain along 
• the horizontal layers (Figure 9.5), the reduction in the maximum 
horizontal tensile strain is (35-60)% due to the inclusion of 
material (1) and (50-80)% due to the inclusion of material (2) 
at the levels considered. 	Furthermore, the horizontal tensile 
strain due to single lift loading and incremental loading is 
almost unchanged in the lower layers (Figures 9.5(c) and 9.5(d)) 
and in the upper layers a slight change with less horizontal 
tensile strain in the case of incremental loading (Figures 9.5(a) 
and 9.5(b)). 
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9.6.2 Transverse Section of Embankment on Hi 
Compressible Foundation 
Whenever possible, embankments and earth dams are 
constructed on firm relatively incompressible subsoils. 
However, in many regions railway or highway embankments must 
be built on highly compressible foundations. 	Levees must be 
constructed near the flood channel irrespective of subsoil 
conditions. 	Even earth dams must occasionally be located at 
sites underlain by undesirable materials. 
To evaluate the effect of the inclusion of high tensile 
materials on such types of embankments, a transverse section 
of embankment with side slopes 2:1 was considered. 	The finite 
element idealization is shown in Figure 9.6 
The program was run as follows 
Without reinforcement. 
With the inclusion of reinforcement in the tension zone. 
With the inclusion of reinforcement in the tension zone 
but taking the horizontal modulus of elasticity of the 
soil (Eh) to be zero in the tension zone area. 
In the first case, a tension zone developed along the lower 
half of the embankment without penetrating into the foundation. 
/ 	
This is indicated in Figure 9.6 by the shaded area. 
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In the second case, six sheets of reinforcement were 
included in the tension zone, with vertical spacing of 1 in apart. 
The results showed that the top two sheets were in compression; 
hence they were removed and the program was run with the lower 
reinforcing sheets as shown in Figure 9.6. 	The results of this 
analysis indicate the following 
The reinforcing sheets take the tensile force with 
maximum value at the centre. Greater values of the tensile 
force are taken by the inclusion of stiffer material as shown 
by Figure 9.7. 
In the soil, the horizontal tensile stresses and strains 
are reduced by the reinforcement as shown in Figures 9.8 and 9.9 
respectively. 	Greater reduction is achieved by the inclusion 
of stiffer material. 
• 	I 	• 3. 	The horizontal displacement at the interface is reduced by 
the inclusion of the reinforcement (Figure 9.10(a)) with greater 
reduction achieved by the stiffer reinforcement. 
• 4. 	The two reinforcing materials used increase equally the 
vertical displacement at the interface (Figure 9.10(b)). 	This 
may lead to 'sinking' type of failure. 	However, the heave beyond 
the toe is reduced almost to zero. 
In the third case, a greater value of tensile force has 
been taken by the reinforcing sheets when the soil was treated 
as a non-tension material (Figure 9.7). 
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9.6.3 Lonqitudinal Section of Embankment on Riqid Foundati 
A longitudinal section of embankment which approximates 
a section of a dam in a narrow V-shaped valley was considered. 
The finite element idealization is shown in Figure 9.11. 
The program was run as follows 
Without reinforcement. 
With the inclusion of reinforcement in the tension zone. 
The vertical spacing of the reinforcement is 0.5 m apart. 
With the inclusion of reinforcement in the tension zone, 
but taking the horizontal modulus of elasticity of the 
soil (Eh)  in the tension zone to be zero. 
The results of the analysis indicate the following 
Tension develops in the upper part of the unreinforced 
embankment near the abutement as shown by the shaded area in 
Figure 9.11. 	Similar results have been obtained by 
Covarrubias (1969). 
The reinforcing sheets take tensile forces. 	Greater 
values are taken when the horizontal modulus of elasticity of 
the soil is zero (Figure 9.12). 
In Ease (2), the inclusion of the reinforcing material does 
not reduce the horizontal tensile stresses or strains in the 
soil as expected. 	On the contrary, the tensile stresses and 
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strains have been increased as shown in Figures 9.13 and 9.14 
respectively. 
9.7 	CONCLUDING REMARKS 
The following conclusions are derived from the results 
of the finite element analysis of the three cases considered 
Case (9.6.1) indicates that the inclusion of stiff materials 
within the body of the embankment will restrain it from excessive 
lateral deformations, thus increasing its internal stability 
against shear failure and cracking and allowing for steeper 
side slopes, than the conventional unreinforced design. 
Case (9.6.2) shows that the reinforcement increases the 
resistance to the formation of internal cracking, since it 
reduces the horizontal tensile stresses and deformations. 
However, the increase of the vertical displacement at the inter- 
7 1 
face with the, underlying compressible soil may lead to a 'sinking' 
type of failure. 
Case (9.6.3) indicates that the reinforcement induces more 
tensile stresses and strains on such types of embankment. 
However, if the soil is treated as non-tension material, the 
horizontal stresses in it will be zero and the tensile forces 




4. 	The tensile force in the reinforcement depends on the 
modulus of elasticity of the reinforcement, with the tensile 
force increasing as the modulus of elasticity increases. 
- 	5. 	The analysis also indicates that the fabric ultimate 
tensile strength which ranges from 55 kN/m to 300 kN/m for 
'Terram'Woven Fabric, has not been utilized fully and greater 
efficiency can be obtained if the stiffness of the fabric is 
increased with the same ultimate strength as in the case of 
material (2). 
6. 	Comparing the results obtained by means of the finite 
element analysis with the tension tests results summarized in 
Table 7.1, the following can be concluded 
The maximum tensile stresses which develop in the 
unreinforced embankments ( 80 kN/m2 ) are greater than the 
tensile strengths of most of the soils tested. 
The maximum tensile strains which develop in the 
unreinforced embankments are generally of the order (4-9) times 
that of the tensile strains at failure determined by the tension 
tests 
7. 	This finite element investigation was based on the 
assumption of linearly-elastic, time-independent materials. 
However, -more realistic results could be obtained by the 
I 
introduction of time-dependent materials with non-linear-stress- 
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strain properties which are based on experimental results 
Hence, further study in this area is recommended. 
No of nodes = 
No of element 
No of members 
Zim 
Figure 9.1 	Finite Element Idealization of Typical Earth Embankment 
Figure 9.2 	Final Arrangements of the Reinforced Earth Embankment 
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Figure 9.5 (continued) 
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Figure 9.7 	Tensile Force in the Reinforcing Sheets 
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Figure 9.7 	(continued) 
/ 
Figure 9.8 	Horizontal Stresses (a) Level 1 (b) Level 2 
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Figure 9.9 	Horizontal Strains (a) Level 1 (b) Level 2 
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Figure 9.12 	Tensile Force in the Reinforcing Sheets 
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CHAPTER 10 	CONCLUSIONS 
Generally, there are significant potential advantages in cost, 
erection problems and field performance in using the reinforced earth 
technique as compared with conventional construction. 	Consequently, 
the possible use of continuous sheet fabric reinforcement in 
embankments with non-vertical sides has been considered theoretically. 
A design procedure, which takes into account the restraining effect 
provided by the reinforcing sheets, has been developed. 	The example 
presented indicates that the reinforcement has considerably increased 
the general stability of the embankment. 
Laboratory work carried out to study the feasibility of 
reinforcing cohesive soils with fabric leads to the following 
conclusions 
(a) The results of the shear box tests show that all the fabrics 
tested tend to mobilize the shear strength of the sandy clay. 	In 
case of the heavy clay, the adhesion is small in relation to the 
cohesion of the clay, but at high values of normal stress the 
shearing resistance of the soil-fabric system is similar to that of 
the soil alone. 
Furthermore, the mobilization of the shear strength of the soil 
occurs at small deformations with no significant loss in the soil-
fabric sheai9ng resistance after the peak has been attained. 
These results suggest that the fabrics tested have significant 
shearing resistance to act as soil reinforcement when subjected to 




(b) The results of the triaxial tests on reinforced soil specimens 
indicate that cohesive soils can be effectively reinforced with 
fabric. 	The reinforcing effect is mainly dependent .on the soil- 
fabric shearing resistance, the ultimate tensile strength of the 
reinforcement and the spacing of the reinforcement. 
A survey of the mechanics of cracking in earth and earth-rockfill 
dams indicates that the tensile stresses and strains which develop 
within the embankment are the main cause of formation of cracks. 
Hence the knowledge of the behaviour of soil in tension is necessary 
for adequate design and construction. 	A simple and easy laboratory 
technique for carrying out tension tests, with only very little 
equipment needed in addition to the compression test machine, has been 
developed. 
Since cohesive soils can be effectively reinforced with fabric, 
an alternative defensive measure against cracking of embankments by 
the inclusion of reinforcing fabric sheets to accommodate the tensile 
stresses and strains which cause cracking is proposed. 
The comparison between the ultimate tensile strength of some 
fabrics and the observed or calculated tensile forces which had caused 
cracking in some existing dams or the maximum tensile strength of 
some compacted cohesive soils, as measured in the laboratory, indicate 
/ that these tensile forces, after the introduction of a factor of 
safety, lie within the range of ultimate tensile strength of the 
fabrics. 
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The finite element analysis has proved to be a useful 
technique in locating areas of tensile stresses and strains, and 
hence probable cracking, within embankments. 
The finite element analysis carried out after the inclusion of 
fabric reinforcement within the body of the embankment, indicates 
that the reinforcement will restrain the embankment from excessive 
lateral deformations, thus increasing its internal stability against 
shear failure and cracking. 	Furthermore, the tensile forces taken 
by the reinforcing sheets are less than the ultimate tensile 
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APPENDIX 1 
OPERATING INSTRUCTIONS FOR EMAS SLOPE STABILITY PROGRAM 
'ENCIll.REMB' 
Before the program can be RUN it is necessary to DEFINE the 
input and output streams, numbered 11 and 12 respectively in the 
program. 
To use the program in a conversational mode the response to 




Data will then have to be typed in response to prompts as 
described below. 	With the exception of the soil properties all 
data are integer. 	The symbol 'I' within a prompt indicates 
. .. alternatives. 	The symbol •',' means that more than one item of 
data is required. 	 . 





- 	 'At 
if Imperial Units are used 
if SI Units are used 
if distances are in decimetres but 
properties and surcharge values 
in Si. Units 




-1/-2/-3/XMIN 	If '-1' is typed the program will be terminated. 
If '-2' is typed (not usual in conversational 
mode) a copy of the input data (excluding circle 
data) will be output later and a new prompt 
'-3/XMIN' will be given. 
If '3' is typed some intermediate results (of 
limited diagnostic value) will be output later 
and a new prompt 'XMIN' will be given. 
The fourth alternative is to type in the value 
of the minimum X-coordinate (L.H.S. of cross-
section). 
XMAX 	 Type in the value of the maximum X-coordinate 
(R.H.S. of the cross-section). 
SLICE WIDTH 	: Type in the maximum width of slice which is to 
be permitted (suggested value : nearest integer 
to (XMAX-XMIN)/lOO). 
NO OF CONTOURS : Type in the number of 'contours' (ie, soil type 
boundaries). 
POINTS ON 	Type in the number of points on the first (top) 
CONTOUR contour. 	This prompt will be repeated to deal 
with all the other contours. 
POINTS ON 	: Type in the number of points specified on the 
PIEZO 	 piezometric surface (at least 2). 
POINTS SURCHARGE: Type in the number of points defining surcharge 
- 	limits (at least 2). 
I 
X COORDS 	Type in all the X coordinates for points on the 
first (top) contour. 
Al .3 
V COORDS 	: Type in the corresponding Y coordinates. 
The two immediately preceding prompts will be 
repeated until all soil contours have been 
dealt with. 
X PIEZO 	 Type in all the X coordinates of points on the 
piezonietric surface (at least 2 values, eg, XMIN 
and XMAX). 
V PIEZO 	 Type in the corresponding V coordinates. 	(May 
be fictitious and will not be used unless 
r=_ 1 ). 
XSIJR. LIMITS 	: Type in all the X coordinates defining surcharge 
limits (at least 2 values, eg, XMIN and XMAX). 
SUR. VALUES 	: Type in all the values of vertical surcharge 
between the limits previously specified (at 
least 1 value, may be zero). 	A surcharge 
value of '-U has a special significance concerned 
with external water pressure. 
FABRIC ZONES 	Type in the number of zones having different 
tensile force per unit depth. 
LEVEL, TENSION : Type in the elevation of a fabric zone followed 
by the value of the tensile force per unit depth 
in the zone. 
DEN, C, TAN, RU 	Type in the bulk unit weight followed by the 
cohesion and tangent of the angle of internal 
FA 
	
	 friction (both with respect to effective 
stresses) and then by the pore pressure ratio for 
the first (topmost) soil. 	A pore pressure 
ratio of '-1' is typed to denote that pore 
Al .4 
pressures for this soil have to be calculated 
from the piezometric surface specified 
earlier. 
This prompt is repeated until all soil types have 
- 	 been dealt with. 
HT/.-999 	 Type in the V coordinate of the horizontal tangent 
to a set of circles to be analysed. 	Alternatively 
type '-999' to return to the second prompt of the 
program. 	(Thus the program can be terminated 
or a new set of data commenced.) 
Xl 	 Type in the minimum value of X coordinate for 
circle centres. 
Dxc 	 Type in the increment in X coordinate for circle 
centres. 
X2 	 : Type in the maximum value of X coordinate for 
circle centres 
Yl 	 : Type in the minimum value of Y-coordinate for circle 
centres. 
DYC 	 Type in the increment in V coordinate for circle 
centres. 
V2 	 Type in the maximum value of V coordinate for 
circle centres. 
Having dealt with this data the program returns to 
the prompts 'HT/-999 1 . 
/ 
Alternatively, the numbers forming the data can be stored in a 





• 	The input and output for the examples considered are 
illustrated in Figures Al.l - Al.6. 




EDTT:1/3 C) 1006 10 2 4 2 2 2 
/:0 459 549 1006 0 305 305 0 
/:0 1006 •0 0 




/:19.60 .7 0 
/:25 
/:756 50 956 300 50 500 
1:1 
Q 0 1006 10 2 4 2 2 2 
EDIT:E 	 - 
EDIT(FAE-1) COMPLETED 
COMMAND: DEFT NE (ST 11 , FAD 1) 
COMMAND:DEFINE( 5112, .11) 
CONIMA'ND:RUN(ENCI 11 .REME3) 
Figure ALl 	Input Data for Unreinforced Embankment 
/ 
Al.7 
LENGTHS IN DECIMETRES, REMA! NT MG DATA 5.1 
TOTAL NO OF SLICES IN FULL C.S. = 101 
CIRCLE 	Hi 	X 	YC 	SLICES 	SUMA 
25 756 300 
LE 
2 	25 	906 	300 
LE 
SUMS 	F( 0) 	1 	 ITERATI ONS 
TOP CONTOUR CUTS UPPER SEMICIRC 
TOP CONTOUR CUTS UPPER SEMICIRC 
.3 25 956 300 37 	- 379 276 1.369 3 
4 25 906 300 32 247 194 1.269 
5 25 956 .300 27 133 113 1.134 3 
-6 25 756 350 47 779 443 1.743 3- 
7 25 306 350 44 620 433 1.502 . 	 3 
3 25 356 350 41 462 345 1.340 3 
9 25 906 350 37 312 249 1.251 .3 
10 . 	 25 956 350 32 191 353 3.192- 3 
11 25 756 400 52 969 469 1.354 3 
12 25 906 400 . 	 49. 732 459 1.553 3 
13 25 956 400 45 547 401 1.364 . .. 	3 
14 25 906 400 43 384 309 1.242 	. 3 
15 25 956 400 36 236 200 1.179 3 
16 25 756 450 54 947 477 1.936 . 
17 25 906 450 52 	. 795. 484 1.644 	: 
19 25 856 450 49 629 444 1.416 
39 25 906 450 45 460 364 1.264 .. 	3 
20 25 956 450 41 297 253 1.377 3 
21 25 756 500 56 1013 476 2.130 3 
22 25 306 500 55. 963 494 3.756 3 
23 25 956 500 53 706 473 1.492 3 
24 25 906 500 50 534 .406 1.315 3 
25 25 956 500 45 365 306 1.192 3 




1:0 458 54% 1006 0 305 305 0 




/:5 177 63 112 100 44 110 29 96 25 39 
/:19.60 .7 0 	 . 
1:25 




EDII(RABI ) COMPLETED 
.CO;lMAND:DEFINE(ST11sFA81) 
COMM1AND:DEFINE(STI2,.TT) 	 . 
: cOMMAND:R'JNENCII 1 .REMB) 	. 	. . 
Figure A1.3 	Input Data for Reinforced Embankment 
I 
A1.9 
LENGTHS IN DECIMETRES, REMAINING DATA S.!. 
TOTAL NO OF SLICES IN FULL C.S. = 101 	
/ 
CIRCLE 	HI 	XC 	YC 	SLICES 	SUMA 	S U M B 	F( 0) 	 ITERATIONS 
25 756 300 TOP CONTOUR CUTS UPPER SE)ICIRC 
LE 
2 	25 	906 	300 	. . 	 TOP CONTOUR CUTS UPPER SENIICIRC 
LE 
3 25 956 300 37 651 276 2.360 - 	 2 
4 25 906 300 32 470 194 2.1120 . 	 3 
5 25 956 300 27 335 113 2.971 .3 
6 25 156 350 47 1051 445 2.361 3 
7 25 806 350 44 888 413 2.150 P. 
8 25 1156 350 41 702 345 2.097 2 
9 -25 906 -350 37 	- 566 	- 249 2.272 	- - 	 3 
10 25 956 350 32 412 153 2.693 . 	 . 	 3 
11 25 756 400 52 1 	14 469 2.451 2 
12 25 806 400 49 982 459 2.142 2 
13 25 856 400 45 311 403  2.024 2 
14 25 906 SQ.Q 41 643 - 	 309 2.079 2 
15 25 956 400 36 475 200 2.380 3 
16 25 756 450 54 1203 '177 2.535 2 	- 
Il 25 906 450 52 1063 494 2.198 2 
18 25 856 450 49 908 444 2.042 	- 2 
19 25 .906 450 45 733 364 2.0.15 2 
20 25 956 450 41 570 253 2.255 3 
21 25 756 500 56 1262 476 2.653 2 
22 25. 806 	. 500 55 1133 494 2.293 - 2 
23 25 856 500 53 979 473 2.069 2 
24 25 906 500 50 819 406 2.018 2 
25 25 956 500 'iS 64.9 306 2.117 3 




H 	ED IT. I/3n 1çyp4pp2 
/:0 459 54R 1006 0 305 305 o 
/:0 1006 0 0 
/:0 1006 0 0 
/:0 1006 
/:0 
1:5 177 63 112 100 44 110 29 86 25 38 
/:19.60 .70 
1:0 
/:756 50 956 300 50 500 
I:! 




COMMAND: DEFJNE(silp, .TT) 
COMMAND:PUN(ENCI II .REMR) 




LENGT1S IN DECIMETRES, REMAINING DATA S. I.  
TOTAL NO OF SLICES IN FULL C.S. = 101 
CIRCLE 	HT 	KC 	YC 	SLICES 	SUMA 	SUMS 	F(0) 	 ITERATIONS 
1 	0 756 31)0 'TOP CONTOUR CUTS UPPER SEMICIRC 
LE 
2 0 906 300 TOP CUNTt]UR 	CUTS UPPER SEMICINC 
LE 
3 0 R56 300 41 797 375 2.099 2 	 H 
4 0 906 300 33 .632 299 2.197 2 
5 0 9s6 300 33 467 193 2.354 3 
6 0 756 350 53 3265 521 2.429 3 
7 0 906 3i0 SO 	, 3097 509 2.l55 	'3 
3 0 356 350 47 919 451 2.036 '2 
9 0 906 350 43 746 .353 2Q93 	, 2 	 '.1. 
10 0 956 350 39 561 , 	 253 2.220 	' 3 
II 0 756 400 56 1346 539 2.496 3 
H 	12 0 306 400 54 1139 549 2.167 ' 	 2 	, 	H 
13 0 956 A00 ' 	 51 1014 503 1.996 2, 
1.4  906 400 47 332 426 1.951 2 
15 0 	' 956 400 44 659 313 2.106 	 . 3 
16 fl 756 450. 52 1411 544 2.594 2 
17 0 306 450 57 ' 	 1260 ' 	 69 2.237 	. 2 
39 0 956 450 54 1096 543 2.000 2 
39 0 .906 450 52 931 430 1.939 2 
20 0 956 450 49 -743 , 	 377 1.934 2 
21 0 756 	/ 500 61 1474 , 	 540 , 2.729 2 
22 0 906 500 60 1340 , 	 575 2.331 2 
23 0 356 500 57 ' 	 1176 571 2.00 . 	 2 
24 	. ' 	 0 906 500 55 1006 522 1.926 2 
25 0 956 500 51 921 430' 1.907 	 , '2 




"Some Aspects of the Design of Earth Dams Reinforced with Fabric" 
Paper presented at the International Conference on the use of 
fabrics in Geotechnics, Paris, 1977. 
/ 
CR. Call. mt. So/s Textiles. Paris 1977 
CHRISTIE I.F. and EL HADI K.M. 
University of Edinburgh. Scotland 
Some aspects of the design of earth dams reinforced with fabric 
Ouelques aspects de la conception des barrages en terre, armés de textile 
On decrit une methode pour dessiner des barrages de sol, arnie de textile. 	La contribution 
de l'armature est comprise dans le calcul du facteur de securite contre glisser sur une 
ligne de glissement circulaire. 	On discute aussi Is possibilite d'exnployer de l'arrnature 
pour empecher le fendillement des terrassements en remblai de sol argileux. 	Compris aussi 
sont quelques resultats experimentaux des resistances au cisaillement entre des sol coherants  et des textiles. 
INTRODUCTION 
In recent years considerable use has been 
made of the reinforced earth technique 
developed by Vidal and others (Schlosser and 
Vidal 1969) . 	In most of the applications 
conventional retaining walls have been 
replaced by reinforced earth walls comprising 
metallic strip reinforcement and metal or 
concrete facing units (Price 1975) . 	A 
similar type of construction has been used 
for a small overflow dam in France (Corda 
1973) 
In this paper consideration is given to the 
possible use of continuous sheet fabric 
reinforcement in embankments with non-
vertical sides. 
- STABILITY OF A REINFORCED EARTH DAM 
In the design of a reinforced earth dam an 
adequate factor of safety must be provided 
against the following possible modes of 
failure: 
Sliding on the base, treating the entire 
reinforced mass as a rigid body. 
Failure of the reinforcement in tension. 
Shear failure through the reinforced 
embankment. 
Failure of the reinforcement through 
inadequate bond length. 
Slidinq on the base 
Assuming that the embankment is composed 
of free-draining granular material, an 
impermeable membrane must be provided. 	To 
minimise the volume of fill this should be 
constructed at the upstream face. 
13 
Fig. 1 Triangular darn with impermeable. 
membrane at upstream face. 
For the simple triangular profile shown in 
Fig. 1, it can be shown that the factor of 
safety against sliding on the base is given 
by 
r = 7- (1t2/6.,)  
where fr = coefficient of friction between fill and underlying soil or rock 
tanØ where 0 = angle of 
internal friction of the fill 
material) 
of the tension provided by the reinforcement. 
The shear strength (t) of the fill material 
may be defined generally in terms of the 
Mohr-Coulomb failure criterion, i.e. 
6 = unit weight of fill 
,= unit weight of water 
If AL is approximately equal to tanO and 
A 
-
01 F 	5. 	Alternatively, F 1 = 2 
A. when 	,G 60. Practical designs, incor- 
porating freeboard above top water level 
and a horizontal profile at the top, will 
have a higher value of F 1 . 	Hence this type 
of failure is unlikely tt govern the design 
unless the underlying foundation material 
has very low shear strength. 
Spacing of reinforcement. 
In choosing a suitable spacing for the 
reinforcement it may be assumed tentatively 
that this should be capable of withstanding 
the horizontal component of active earth 
pressure in an infinite slope. 
A similar assumption has been used in the 
design of reinforced earth retaining walls 
with horizontal backfill (Lee, Adams and 
Vagneron 1973). 	Higher pressures, 
corresponding to 'at rest' earth pressures, 
have been deduced from full-scale 
measurements of the tensile force in the 
reinforcement of such walls (Chang 1974). 
However, in the present context,. this may be 
countered by the overestimate involved in 
the assumption of an infinite slope. 
In the case of a cohesionless fill, the 
coefficient of active earth pressure, 
is given by P.ankine's theory as 
K = 
cos f3 _j costft _ c.3tØ 
A 	casp+Jcos'3 -cØ 
At depth z below the surface of the slope 




We shall assume the reinforcement to form, 
continuous horizontal sheets at intervals of 
6H vertically. 	Each sheet has a tensile 
strength T per unit width. The factor of 
safety agaiAst failure of the reinforcement 
in tension is then - 
F 	 T 2 1 	 (2) 
KAb'z COS 2fLAH 
Shear failure of reinforced embankment 
The possibility of shear failure alonga 
continuous surface through the embankment 
may be analysed by the usual slip circle 
method of slices, modified to take account 
c+ 4- tano 
where c = cohesion per unit area 
r = normal stress across the n 	failure plane 
Alternatively, in terms of effective 
stresses, 
'V = c' + (C - u)tanØ' 
where u = pore water pressure. 
The reinforced mass above an assumed 
circular slip surface of radius H may be 
divided into a number of vertical slices. 
At the level of the base of a slice, the 
reinforcement is capable of providing a 
horizontal force T ( 
-
T lAM) per unit 
height. 	Neglecting forcs on its vertical 
sides, an approximation which leads to an 
underestimate of the factor of safety in 
unreinforced slopes (Bishop 1955), and 
applying the same factor of safety to the 
tensile strength of the reinforcement as 
to the shear strength of the soil, the 
forces on one slice are as follows (see 
Fig. 2):- 
W = total weight of slice 
N = total normal force across base 
Tl/F = shear force on base of length 1 
Td/F = force from reinforcement across 
the base 
where F = factor of safety against failure 
in this mode. 
Fig. 2 Forces acting on typical slice 
above assumed slip circle. 
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Taking moments about the centre of the 
circle, and summing over all slices, 
ZWRiMac = Z(TLRIF +TctcosocR/F) 
where 	cA = slope of base of slice 
Also 9-4 a 
+TOLHence, 	
.(s) 
Z W4— at 
The corresponding expression in terms of 
effective stresses is 
• _zfeL+Nu_J+T _c9t..4 .TScoot} 
ZW4haa 
In these equations C'. , and hence sin at , may  
be negative for some slices. 
Bond failure of reinforcement. 
Failure of the reinforcement through 
inadequate bond length will not arise if the 
sheets extend across the full width of the 
cross-section . 	Otherwise the bond length 
should be checked at various points around 
the critical slip circle. 
Using the active earth pressure assumption, 
the force to be resisted by a reinforcing 
sheet at depth z below the surface of a 
cohesionless slope is 
z cos 2fi . A H 
If the sheet extends inwards a distance L 
from the point considered, the pull-out 
resistance is likely to be somewhat 
greater than 2L (z tan w 
where i = angle of friction between fill 
and reinforcement 
Hence, the factor of safety against lack of 
adherence is 
F 	- 2L tan . 4 - 	2... (5) . KACos j9. 4H 
Illustrative example 
As an example of the application of the 
above criteria the embankment shown in Fig. 
3 will be considered. 
The soil is assumed to have the following 
properties: - 
I = 19.6 kN/m3 
c = 0 
0 = 350 
The tensile strength of the reinforcing 
sheets is 50 kN/m width. 
Fig. 3 cross-section of dam analysed in 
design example. 
Assuming an angle of friction between fill 
and foundation material of 300, the factor 
of safety against sliding on the base = 6.0. 
The provision of adequate reinforcement and 
the calculation of the factor of safety 
against failure on a circular slip surface 
requires to be checked for numerous possible 
circles only one of which, shown in Fig. 3, 
will be considered here. 
The area above the assumed slip circle is 
divided into a number of vertical slices 
and the horizontal component of active earth 
pressure is calculated at the midpoint of 
the base of each slice. 	From equation (2) 
the vertical spacing of the reinforcement 
can then be calculated at various elevations 
to satisfy a specified value of K,. 	A 
value of F 2 	1 has been used fôr the 
calculations shown in Table 1. 
TABLE 1 calculation of reinforcement 
required to satisfy equation (2) 
Slice Height of Horiz. press. Reinft. 
slice (m) 	(kN/m2 ) 	AH(m) No. 
1 	6.4 	60.8 	0.8 	16 
2 	10.4 	98.8 	0.5 	13 
3 	11.6 	110.2 	0.45 	9 
4 	11.6 	110.2 	0.45 	6 
5 	9.1 	86.5 	0.55 	3 
6 	4.0 	38.0 	1.3 	1 
The factor of safety against sliding on the 
slip circle shown, calculated from equation 
(3), is 2.06. This may be compared with a 
value of 1.23 neglecting the reinforcement, 
or with the critical value for .this slope 
if unreinforced of 1.05 (= tan O/tan$ ). 
Equation (5) has been used to check the 
bond length required to the left of points 
on this slip circle. 
Assuming F 4 = 2 and W = 0, the required 
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Darn crest 
length = 0.7 AU, giving values of less than 
1 M. 
COHESIVE SOILS 
In some areas it may be more economical to 
construct the embankment with cohesive soil, 
or with a cohesive clay core forming the 
impermeable barrier together with frictional 
soil or rockf ill shoulders. 
As indicated above, horizontal reinforcement 
should increase the general stability of an 
embankment. 	Additionally, suitably placed 
fabric might inhibit crest cracking and 
hydraulic fracturing and piping in cohesive 
soils. 
Crest cracking 
Tension cracks may occur at the crest of a 
dam due to tensile strains associated with 
differential settlement along the longitud-
inal axis of the dam (Leonards and Narain 
1963). 	This situation is shown 
diagrammatically in Fig. 4. 
Rook 
Fig. 4 Tension cracks formed by 
differential settlement along longitudinal 
axis of darn. 
Some indication of the feasibility of using 
reinforcement to resist cracking can be 
obtained by comparing the tensile strength 
of reinforcement per unit area served by it 
CT = T 1 / 	H) with the tensile stresses 
which hate been estimated or observed in 
existing dams. 
For example, at Rector Creek Darn (Leonards 
and Narain 1963), tensile strains of 
2.4 x lO were observed and the modulus of 
elasticity of the soil, measured in beam 
tests, was approximately 19 MN/m2. 
Horizontal tensile stresses near the crest 
could be expected to be about 45 kN/m 2 . 
Neglecting the tensile strength of the soil 
and allowing for a factor of safety of 1.5, 
the required strength of fabric would be 
67.5 kN/m2 of area served by it, or 34 kN/m 
if spaced at intervals of 0.5 m vertically 
As this reinforcement would be near the top 
surface, very little overburden pressure 
would exist to develop bond strength 
between the soil and the fabric. 
Consequently the need for some form of 
anchorage would have to be investigated. 
Hydraulic fracturing and piping. 
In dams with a narrow central clay core, 
arching of the compressible core may occur 
between the more rigid upstream anddown-
stream shoulders with the result that the 
values of total vertical stress in the core 
may be less than the conventional overburden 
pressures. 	Assuming the soil is unable to 
withstand tension, horizontal cracks will 
develop at elevations where the total 
vertical stress is less than the pore water 
pressure created at the upstream side of the 
core when water is impounded in the 
reservoir (Kjaernsli and Torblaa 1968). 
Theoretically it would be possible to 
include fabric reinforcement in the core to 
withstand such negative effective stresses 
but the practical difficulty of placing 
sheets of fabric vertically in the core 
would have to be overcome. 
Possibly a simpler use of fabric in this 
context would be to provide a layer on each 
side of the core to prevent piping, or 
erosion of fine soil particles, into the 
adjacent coarse soil, or rockfill, 
shoulders 	 In this case the 
fabric would replace conventional soil 
filter zones. 	Similarly, fabric might be 
used in place of soil filter zones adjacent 
to horizontal drainage layers within the 
embankment. 
SHEAR BOX TESTS 
With special reference to cohesive soils, 
tests are in progress to obtain information 
on the soil-fabric adhesion and skin 
friction and the filtration properties of 
various fabrics. 	Some results of the tests 
to determine adhesion and skin friction are 
given below. 
Shear box tests have been carried out with 
various compacted cohesive soils and 
fabrics. 	In each case soil at a particular 
moisture content was compacted in a mould 
to give the same density as obtained at 
that moisture content in the standard 
Proctor Compaction test. 	A group of such 	- 
samples was then subjected to conventional 
quick shear tests in a 6cm x 6cm shear box. 
In another group. of tests the lower half 
of the shear box held a wooden block on top 
of which was glued a sample of the fabric 
to be tested. 	The upper half contained a 
soil sample prepared as described above. 
The following fabrics were tested:-
Fabric A: Woven tape polypropylene, 60 
102 
tapes (1000 denier)/locTfl warp and weft. 
Fabric B: Spunbonded polypropylene - 
nylon', 140g/m2 . 
Fabric C: Wire reinforced jute scrim, 
0.375mm mild steel galvanised wire plied 
with jute, 50 x 35 threads/lOcm. 	 - 
Three cohesive soils have been used in the 
tests to date, one sandy clay and two 
highly plastic clays. 
The results for the sandy clay 
(LL = 28%, PL = 17%), tpsted at a moisture 
content of 16.25% (l.55'% above Proctor: 
optimum) , are shown in Fig. 5. 	From this 
it can be seen that the adhesion (i.e. 
shearing resistance at zero normal stress) 
and skin friction developed by Fabric C is 
equal to the cohesion and internal friction 
of the soil. 	The shearing resistances 
developed with fabrics A and B are only 
slightly less thanthis.. 
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Fig. S Results of shear box tests with 
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Fig. 6 Results of shear box tests with 
London Clay in contact with Fabrics A, B and 
Tests were carried out at various moisture 
contents with London clay (LL = 69%, 
PL = 29%). 	The results obtained at a 
moisture content of 26.7% (just above 
optimum) are illustrated in Fig. .6. 
The shape of these graphs is similar to 
those reported for clay soil in contact 
with other construction materials (Potyondi 
1961). 	Again Fabric C exhibits slightly 
greater shearing resistance than the other 
fabrics tested. 	With all three fabrics the 
adhesion is small, in relation to the 
cohesion of the clay, but at high values of 
normal stress the shearing resistance of the 
soil-fabric system is similar to that of the 
soil alone. 
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